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ABSTRACT 
In a year-long study, pilot-scale constructed wetland treatment systems (CWTSs) 
targeted removal of selenium (Se) from a simulated impaired water through dissimilatory 
Se reduction. Effects of temperature and precipitation on the treatment of Se in the 
CWTSs were investigated. The experimental design consisted of CWTSs amended with a 
fermented yeast product (AquaSmart
TM
, Diamond V
®
, Cedar Rapids, IA), which served 
as a nutrient source for Se-reducing bacteria, at mass loadings of 1.75, 3.5, 5.25, 7, and 
8.75 mg/min. The 5 µg/L treatment goal for CWTS outflow concentration was measured 
in 69 of 378 samples taken from all CWTSs. Of the 69 samples that met the treatment 
goal, 7.2, 7.2, 10.1, 10.1, 31.9 and 33.3% of the samples occurred in the control, 1.75, 
3.5, 5.25, 7, and 8.75 mg AquaSmart/min treatment groups, respectively. CWTSs 
amended with AquaSmart
TM
 mass loading rates of 8.75 and 7 mg/min consistently 
reduced aqueous concentrations of Se from 50 μg/L to less than 5 μg/L, meeting the 
USEPA chronic water criterion for Se (USEPA, 2002; 2004). Se removal efficiency 
correlated positively with nutrient amendment loading. Nutrient amendment addition 
provided nutrients and energy to Se-reducing bacteria allowing for Se reduction, and 
therefore Se removal, to continue through the winter months. The influence of seasonal 
temperature change on Se removal efficiency in CWTSs decreased with increased 
nutrient mass loading. Seasonal temperature decrease greatly impacted Se removal in the 
control, 1.75, 3.5, and 5.25 mg/min treatment groups. CWTSs amended with 
AquaSmart
TM
 at mass loadings of 8.75 and 7 mg/min achieved greater Se removal 
efficiency than the control CWTSs as temperature decreased. R
2
 values determined from 
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comparison of mean removal efficiency and temperature ranged from 0.18 for the 8.75, 
and 7 mg/min loading to 0.67 for a control group with no amendment added. Dissolved 
oxygen (DO) concentration of 2 mg/L or less and negative oxidation-reduction potential 
influenced Se removal. Measured precipitation did not correlate strongly to Se removal. 
Results from this study indicate that Se removal to less than 5 µg/L can be achieved in 
CWTSs and is aided by the addition of AquaSmart
TM
. Nutrient-amended CWTSs may 
provide industry with a viable technology to treat waters containing elevated levels of Se. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Background 
Selenium (Se) has attracted regulatory interest due to its potential to 
bioaccumulate in aquatic organisms (Dobbs et al., 1996; Lemly, 1985; Ohlendorf, 1989) 
and cause toxic effects at low concentrations (< 10 µg/L) (Lemly and Ohlendorf, 2002). 
Selenium is an essential micronutrient for basic cellular function (Carlson et al., 2004; 
Zayed et al., 1998); however, the difference between the requisite amount and the amount 
causing toxicity is small (Lemly, 2004; Oremland, 1994). Forms of Se commonly present 
in water include the oxyanions, selenite (+IV) and selenate (+VI) (Oremland et al., 1989; 
USEPA, 2004). These forms are soluble in water, and treatment through chemical, 
physical, or biological processes is required to transform or transfer selenite and selenate 
into insoluble forms or phases (Herbel et al., 2003).   
The use of constructed wetland treatment systems (CWTSs) is an innovative 
approach for treating a variety of constituents in impaired waters (Kadlec and Wallace, 
2009). CWTSs can be designed to incorporate chemical, physical, and biological 
processes to achieve removal of Se oxyanions from waters (Spacil et al., 2011a, b). 
Microbial dissimilatory reduction is an effective pathway for treatment of Se based on 
rates and extents of removal in natural systems and agricultural drain water (Oremland et 
al., 1990; Zhang and Moore, 1996; Zhang et al., 2008). During dissimilatory reduction, 
anaerobic bacteria transform selenate Se(+VI) and selenite Se(+IV) to insoluble 
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elemental Se(0) (Frankenberger and Arshad, 2001). The majority of Se removed in 
CWTSs is contained in the surface sediments (Lin et al., 2010). 
Nutrient amendments provide carbon, energy, and nutrients for bacteria including 
Se reducers. Additions of readily labile organic carbon sources have been used to 
enhance microbial reduction of Se(VI) and Se(IV) to Se(0) in contaminated waters. The 
fermented nutritional yeast product AquaSmart
TM
 (Diamond V
®
, Cedar Rapids, IA) is an 
effective nutrient amendment increasing Se removal in CWTSs to concentrations below 5 
μg/L in post-treatment outflow (Spacil et al., 2011a, b); however, this study took place in 
a climate controlled greenhouse that was not exposed to the effects of seasonal variations 
of temperature and precipitation.  
1.2 Research Significance and Objectives 
AquaSmart
TM
 is a nutritional yeast product shown by Spacil et al. (2011a, b) to be 
an effective nutrient amendment in CWTSs when applied at concentrations of 270 mg/L. 
However, no research has investigated the effect of lower concentrations of AquaSmart
TM
 
or effects of seasonal variations on Se removal performance. This research investigated 
treatment performance of nutrient-amended pilot-scale CWTSs designed to treat a fresh 
water containing elevated concentrations of Se (50 μg/L). An understanding of the effects 
of nutrient amendment addition, temperature, and precipitation on treatment by CWTSs 
is essential to predict system performance and to improve CWTS design to maximize Se 
removal. 
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 The objectives of this research were: (1) design and construct pilot-scale CWTSs 
to create conditions favorable for Se removal and apply 5 different concentrations of 
nutrient amendment to the pilot-scale CWTSs; (2) measure Se concentrations in the 
inflow and outflow of each pilot-scale CWTS to determine removal efficiency, 
comparing removal efficiency to concentration of nutrient amendment added and to 
measured conditions; (3) compare abundance of culturable Se-reducing microbe colonies 
in pilot-scale CWTSs to Se removal efficiencies and to temperature; (4) compare Se 
removal efficiency to temperature and rainfall measurements. 
1.3 Organization of Thesis 
This thesis consists of four chapters. Chapters 1 and 4 are introduction and conclusion 
chapters. Chapters 2 and 3 are body chapters written as independent manuscripts; 
consequently, some material is repeated in both chapters. The two body chapters are: 
Chapter 2: Selenium Removal in Pilot-Scale Constructed Wetland Treatment 
Systems: Response to Nutrient Amendment 
Chapter 3: Effect of Seasonal Temperature and Precipitation Variations on Selenium 
Removal in Pilot-Scale Constructed Wetland Treatment Systems 
Chapter 2 compares nutrient amendment addition with Se removal efficiency in pilot-
scale CWTSs organized in a regression-designed experiment. Chapter 3 compares 
temperature and precipitation data with measured Se removal efficiencies in the pilot-
scale CWTSs during the year-long study. 
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Chapter 2: Selenium Removal in Pilot-Scale Constructed Wetland Treatment 
Systems: Response to Nutrient Amendment 
2.1 Abstract 
In a year-long study, pilot-scale constructed wetland treatment systems (CWTSs) 
targeted removal of selenium (Se) from a simulated, fresh energy-derived water (EDW) 
through dissimilatory Se reduction. The experiment was a regression design with 18 
pilot-scale CWTSs in 6 groups of 3 replicates each. The design consisted of a control 
group and 5 treatment groups amended with a nutritive fermented yeast product 
(AquaSmart
TM
, Diamond V
®
, Cedar Rapids, IA) at mass loading rates of 1.75, 3.5, 5.25, 
7, and 8.75 mg/min. The amendment served as a carbon and nutrient source for Se-
reducing bacteria. Dissolved oxygen concentration of 2 mg/L or less and negative 
oxidation-reduction potential influenced Se removal. Successful treatment of Se in 
CWTSs is contingent upon the maintenance of targeted DO concentration, redox 
potential, and pH conditions in the systems. Se removal efficiency correlated positively 
with nutrient amendment loading. CWTSs amended with AquaSmart
TM
 mass loading 
rates of 8.75 and 7 mg/min were capable of consistently reducing aqueous concentrations 
of Se from 50 μg/L to less than 5 μg/L, meeting the USEPA chronic water criterion for 
Se (USEPA, 2002; 2004). Se concentrations were reduced from 50 to less than 5 µg/L, 
through the addition of 205 mg/L AquaSmart
TM
 (7 mg/min mass loading) to CWTSs 
located outdoors, representing 24% less nutrient amendment compared to previous 
studies of CWTSs in a greenhouse (Spacil et al. 2011 a,b). Nutrient-amended CWTSs 
may provide industry with a viable technology to treat waters containing elevated levels 
of Se.  
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2.2 Introduction 
Energy-derived waters (EDWs) are generated during fossil fuel extraction, fossil 
fuel energy production, and refining processes (Johnson et al., 2008; Kanagy et al., 2008; 
McBeth et al., 2003; Murray Gulde et al., 2003; Sirivedhin and Dallbauman, 2004). Some 
EDWs (DeAlmeida et al., 2009; Hansen et al., 1998; Lemly, 1985) contain 
concentrations of selenium (Se) that are orders of magnitude greater than the chronic 
water quality criterion (WQC) of 5 μg/L (USEPA, 2002; 2004). Consequently, effective 
treatment is required to achieve discharge concentrations under the Clean Water Act 
(1972) and National Pollutant Discharge Elimination System (NPDES) prior to surface 
water discharge or reuse. Selenium has attracted regulatory interest due to its potential to 
bioaccumulate in aquatic organisms (Dobbs et al., 1996; Lemly, 1985; Ohlendorf, 1989) 
and cause toxic effects at relatively low concentrations (< 10 µg/L) (Lemly and 
Ohlendorf, 2002). Selenium is an essential micronutrient for basic cellular function 
(Carlson et al., 2004; Zayed et al., 1998); however, the difference between the requisite 
amount and the amount causing toxicity is small (Lemly, 2004; Oremland, 1994).  
Forms of Se commonly present in EDWs include the oxyanions, selenite (+IV) 
and selenate (+VI) (Meng et al., 2002; Tonietto et al., 2010).  These forms are soluble in 
EDWs, and treatment through chemical, physical, or biological processes is required to 
transform or transfer selenite and selenate into insoluble forms or phases (Herbel et al., 
2003).  The forms and concentrations of elements or compounds in EDWs can vary 
temporally at each production site necessitating a treatment system that incorporates 
multiple treatment processes or pathways.   
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Use of constructed wetland treatment systems (CWTSs) is an innovative approach 
for treating a variety of constituents in impaired waters (Kadlec and Wallace, 2009) 
including problematic constituents contained in EDWs (Murray Gulde et al., 2003). 
CWTSs can be designed to incorporate chemical, physical, and biological processes to 
achieve removal of Se oxyanions from EDWs (Spacil et al., 2011a, b). Microbial 
dissimilatory reduction is an effective pathway for treatment of Se based on rates and 
extents of removal in natural systems and agricultural drain water (Oremland et al., 1990; 
Zhang and Moore, 1996; Zhang et al., 2008). Dissimilatory reduction of Se is widespread 
in nature (Oremland et al., 1990). During dissimilatory reduction, anaerobic bacteria 
transform selenate Se(+VI) and selenite Se(+IV) to elemental Se(0) (Frankenberger and 
Arshad, 2001). Selenate and selenite are electron acceptors for microbial respiration. The 
end product of the process is insoluble elemental Se (Oremland et al., 2004). The 
majority of Se removed in CWTSs is contained in the surface sediment (Lin et al., 2010).  
Nutrient amendments provide nutrients, energy, and carbon for bacteria including 
Se reducers. Additions of readily labile organic carbon sources, such as acetate (Cantafio 
et al., 1996), lactate (Oremland et al., 1999), glucose (Losi and Frankenberger, 1997), 
molasses (Zhang et al., 2008), rice straw (Zahir et al., 2003; Zhang and Frankenberger, 
2003), yeast extract (Zhang et al., 2003), and soy broth (Zhang and Frankenberger, 2005), 
have been used in previous studies to enhance microbial reduction of Se(VI) and Se(IV) 
to Se(0) in contaminated waters. A recent study (Spacil et al., 2011a; b) focused on 
addition of a nutritional yeast product to a pilot-scale CWTS, which enhanced Se removal 
from a simulated refinery effluent and produced water. The nutrient-amended CWTS 
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consistently achieved removal of Se to concentrations below 5 μg/L in post-treatment 
outflow, permitting surface water discharge.  
AquaSmart
TM
 is a nutritional yeast product consisting of Saccharomyces 
cerevisiae yeast, roughage products, processed grain by-products, and cane molasses. 
AquaSmart
TM
 has been shown to be an effective nutrient amendment in CWTSs designed 
to treat Se (Spacil et al., 2011a, b) when applied at concentrations of 270 mg/L; however, 
the effect of lower concentrations of AquaSmart
TM
 or effects of seasonal variations on Se 
removal performance have not been investigated. This research investigated the treatment 
performance of nutrient-amended pilot-scale CWTSs designed to treat a simulated, fresh 
energy-derived water (EDW) containing elevated concentrations of Se (50 μg/L). The 
overall objective was to determine the extent of Se removal in pilot-scale CWTSs in 
response to differing concentrations of nutrient amendment. Specific objectives were to: 
(1) design and construct pilot-scale CWTSs to create conditions favorable for Se removal 
and apply 5 different concentrations of nutrient amendment to the pilot-scale CWTSs; (2) 
measure Se concentrations in the inflow and outflow of each pilot-scale CWTS to 
determine removal efficiency, comparing removal efficiency to concentration of nutrient 
amendment added and to measured conditions, and; (3) compare abundance of Se-
reducing microbe colonies to amount of nutrient amendment added to CWTSs. 
Secondary objectives were to: determine the sorption capacity of AquaSmart
TM
 
through serial batch experiments; determine the Se content of AquaSmart
TM
; and 
determine the Se concentration of surface sediments in the pilot-scale CWTSs. 
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2.3 Methods 
2.3.1 Design and construction of pilot-scale CWTSs 
18 pilot-scale CWTSs (Figure 1) were designed based on information from 
published literature, theoretical modeling and data from previous experiments. The 18 
CWTSs were divided into 6 treatment groups of 3 replicates each. The experimental 
design was a regression design (Cottingham et al., 2005) with the variable of interest as 
incremental increases in concentrations of nutrient. All 6 treatment groups received the 
same inflow of EDW (28 mL/min). Five of the treatment groups received different 
concentrations of nutrient amendment, and the remaining group was a control that 
received no nutrient amendment. The nutrient amendment AquaSmart
TM 
(Diamond V
®
, 
Cedar Rapids, IA) was added to the CWTSs to increase rates and extents of removal of 
Se by microbes (Zhang et al., 2005). Each CWTS was constructed using a 265-L (70 gal.) 
Rubbermaid
®
 container (102-cm long by 8-cm wide by 61-cm deep) plumbed with PVC 
pipe fittings approximately 6 cm below the top of each container for outflow. Each 
container was filled with approximately 30 cm of river sand from 18-Mile Creek in 
Clemson, SC and planted with broadleaf cattail (Typha latifolia) at a density of 25-30 
plants per CWTS.  
Targeted conditions in the CWTSs were determined based upon the geochemical 
properties of Se and conditions suitable for growth of Se-reducing bacteria as determined 
by Eh-pH diagrams and literature. The targeted water pH and sediment oxidation-
reduction potential (redox) values were 6.5 to 8 and -250 to 0 mV, respectively, because 
at these conditions Se is thermodynamically stable as elemental Se, which has low 
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solubility (Brookins, 1988; Masscheleyn et al., 1990). Targeted dissolved oxygen (DO) 
concentration was < 2 mg/L to allow for growth of anaerobic Se-reducing bacteria 
(Siddique et al., 2006; Spacil et al., 2011a, b). The following were added to each CWTS 
at the time of construction: 1,000 g of ground oyster shells (98% CaCO3 by weight) to 
maintain a circumneutral pH (6.5 – 8), 100 g of zero-valent iron (Fe(0)) to maintain 
reducing conditions and potentially aid in precipitation of Se, and 12 g of 19-6-12 
Osmocote
®
 fertilizer to provide essential nutrients (nitrogen, phosphorus, and potassium) 
for microbes and plants. 19-6-12 Osmocote
®
 does not contain Se as a micronutrient. 
EDW was prepared in a 5,678-L polypropylene carboy tank filled with municipal 
water. Se was added in the form of sodium selenite (Na2SeO3) to attain a nominal 
concentration of 50 μg/L Se, which was within the range of concentrations reported by 
Johnson et al. (2008) (non-detect to 74.95 μg/L) in natural gas storage produced waters. 
The EDW contained major ions (Ca, Mg, Na, Cl, SO4) that are common constituents of 
EDWs (Johnson et al., 2008; Spacil et al., 2011b). These ions were added in the form of 
CaCl2·2H2O (205 mg/L), MgSO4·7H2O (355 mg/L), and NaCl (1,230 mg/L). The water 
was mixed for 24 hours with a 1-hp submersible pump prior to treatment in the pilot-
scale CWTS.  
A Fluid Metering, Inc.
®
 (FMI
®
) QD-Q2CKC pump and constant-head flow 
control system were calibrated to deliver 28 mL EDW/min to each CWTS to achieve a 
nominal 4-day hydraulic retention time (HRT). The inflow of EDW to each CWTS was 
calibrated to a flow rate of 28 mL/min using a 50-mL graduated cylinder and a 
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stopwatch.  The pump delivered water from the EDW tank to the constant-head flow 
control system reservoir at a flow rate of approximately 600 mL/min. 504 mL/min of the 
water was drained through the constant-head flow control system. To maintain a constant 
pressure head, the remaining 96 mL/min overflowed through the return pipe to the EDW 
tank. 
Six weeks after CWTS construction, reducing conditions had developed and new 
Typha latifolia shoots had grown, indicating that the plants had adjusted to transplanting. 
After this maturation period, stock
 
nutrient mixture was prepared in a 284-L reservoir by 
adding 497 g of granular AquaSmart
TM
 to 284 L of municipal water and mixing for 30 
minutes with a 1-hp submersible pump. The mixture was made twice a week and pumped 
from the 284-L reservoir. A FMI
®
 QG400-Q1CKC pump and constant-head flow control 
system were calibrated to deliver stock nutrient mixture (1.75 g AquaSmart/L water) at 
specific flow rates into each of 15 experimental CWTSs, which were arranged into 5 
groups of 3 replicate CWTSs each. All 3 CWTSs within each group received the same 
flow rate and mass loading rate (MLR) of nutrient solution for the 12-month duration of 
the experiment. Measured flow rates for the six groups were 1, 2, 3, 4 and 5 mL/min, and 
the nominal mass loading rates of nutrient amendment were 1.75, 3.5, 5.25, 7, and 8.75 
mg/min, respectively. These rates achieved nominal concentrations of ~60.3 to ~ 265.2 
mg/L nutrient amendment in the inflow (combined EDW and AquaSmart
TM
 mixture) and 
nominal Se concentrations of 42.4 to 50 µg/L. In order to standardize HRTs in all 
treatment groups, volume of the CWTSs was reduced through incremental addition of 18-
Mile Creek sediment contained in 3.79 and 1.89 L plastic Ziploc
®
 bags. Displacement of 
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the bags accounted for differences in inflow volume arising from the nutrient amendment 
mixture flow rates. 
The following parameters were measured using standard methods (APHA, 2005) 
in all CWTSs or in samples collected from the CWTSs during each sampling date: 
sediment oxidation-reduction potential, water pH, water temperature, DO concentration, 
conductivity, alkalinity, and hardness (Table 1). Conductivity, alkalinity, and hardness 
were monitored to detect possible changes in the EDW and were not adjusted during the 
experiment. The CWTSs were located outdoors and subject to natural variations of 
temperature. Temperature has been shown in previous studies to influence Se removal 
(Lortie et al., 1992; Chow et al., 2004) and was monitored as an explanatory parameter 
for CWTS performance. 
2.3.2 Measurement of CWTS  performance 
Water samples were collected from the outflow of each CWTS and the inflow 
EDW every 14 to 28 days for one year using sterile 15-mL plastic centrifuge tubes. 
Samples were immediately filtered through 0.45-µm syringe filters to remove particulates 
and acidified by adding 0.3 mL of trace metal grade nitric acid to 9.7 mL of sample. 
Samples were analyzed for Se concentration using ICP-MS (inductively coupled plasma 
mass-spectrometer, Thermo Scientific X Series 2). Multi-element standards, ranging in 
concentration from 0.005 to 100 µg/L, were made by diluting stock solutions containing 
Ag, Au, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Th, Tl, U, V, Zn, Cl, 
Ca, Fe, K, Mg, Na, P, S, and C in 2% Aristar Optima HNO3. Volume additions were 
verified gravimetrically. Multi-element standards were used to calibrate the ICP-MS for 
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analysis of Se. A representative calibration curve for Se is displayed in Appendix A. 
Rhenium and Scandium were selected as internal standards and used for sample recovery. 
The internal standard recoveries were within the 80 to 120% standard Quality 
Assurance/Quality Control (QA/QC). Detection limit using this technique was 
approximately 0.1 µg/L Se. Selenium removal efficiencies in the CWTSs were calculated 
using Equation 1. 
 Removal Efficiency (%) = (Co-C) x 100           Equation 1 
                Co 
where Co is concentration of Se in inflow to the CWTS and C is concentration of Se in 
the CWTS outflow. Co represents concentration of Se in the total inflow and was 
calculated by dividing total mass of Se entering the CWTS in the EDW by the combined 
volume of EDW and nutrient amendment mixture inflows. Because the targeted Se 
concentration in the EDW was 50 µg/L, a Se concentration in the control CWTS outflow 
of 5 µg/L corresponded to 90 percent removal efficiency. 
To investigate Se removal performance of nutrient-amended CWTSs in response 
to additions of a range of AquaSmart
TM
 concentrations, the relationship between mean Se 
removal efficiency in each treatment group and AquaSmart
TM
 mass loading rate was 
analyzed using linear regression. Removal efficiencies for all CWTSs were analyzed with 
ANOVA and Tukey statistical tests to determine if differences in removal efficiencies 
among the AquaSmart
TM
 concentration groups were statistically significant. 
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The yeast (Saccharomyces cerevisiae) contained in AquaSmart
TM
 has been used 
previously as a sorbent for removal of cadmium (Volesky et al., 1993) and Remazol Blue 
dye (Aksu and Donmez, 2003). To determine the possible effect of sorption by 
AquaSmart
TM
 on Se removal in the CWTSs, 3 serial batch sorption experiments were 
performed. AquaSmart
TM
 was added to 300-mL glass bottles as follows: 0.1, 0.25, 0.5, 1, 
2, and 4 g in the first experiment, 0.05, 0.1, 0.25, 0.5, 1, and 2 g in the second 
experiment, and 0.05, 0.1, 0.25, 0.5, 1, 2, and 4 g in the third experiment. The outside of 
each bottle was wrapped in aluminum foil to prevent light from penetrating the bottles. A 
50 µg Se/L solution was made by addition of Se standard to 2 L of de-ionized water 
contained in a volumetric flask. Each glass bottle containing AquaSmart
TM
 was filled 
with 300 mL of the 50 µg Se/L solution. 9.7 mL of the 50 µg Se/L solution were pipetted 
into a sterile 15-mL centrifuge tube, and 0.3 mL of trace metal grade nitric acid was 
added to acidify and preserve the stock solution for analysis. The bottles were then sealed 
and placed in a dark cabinet for 7 days. After 7 days, samples from each bottle were 
filtered through 0.45-µm syringe filters to remove particulates.  9.7 mL of each sample 
were pipetted into sterile 15-mL centrifuge tubes. 0.3 mL of trace metal grade nitric acid 
was added to acidify and preserve the samples. The six samples from the bottles and the 
preserved stock solution were analyzed for Se concentration with ICP-MS. The Se solid 
mass fraction (Qe) was calculated using Equation 2. 
Qe=Vw(CI-Ce)/Ms       Equation 2 
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where Vw is volume of solution added to the bottle, CI is initial concentration of Se added 
to the bottle, Ce is equilibrium Se aqueous concentration, and Ms is mass of AquaSmart
TM
 
added. Se solid mass fraction was plotted versus equilibrium aqueous concentration of 
Se. 
 Total Se content of the nutrient amendment was measured through acid digestion 
and analysis with ICP-MS in order to examine the amount of Se introduced to the 
CWTSs through the nutrient amendment addition. The procedure was modified from 
Zhang and Combs (1996). Four replicates of 1 g AquaSmart
TM
 were weighed and 
digested in trace metal grade nitric acid. The solution was then filtered and added to a 
known volume of DI water. The samples were analyzed for total Se content using ICP-
MS. 
 The majority of Se removed in CWTSs through dissimilatory reduction is 
contained in the surface sediment (Lin et al., 2010). To confirm the fate of Se in the 
surface sediment, sediment samples collected from the CWTSs in the 8.75 mg 
AquaSmart/min treatment group and the control group were analyzed for total Se content. 
Samples were collected from the top 2 cm of surface sediment by pushing a 15-mL 
plastic centrifuge tube into the sediment and removing a 2-cm deep core. The sediment 
samples were dried in an oven at 105°C for 6 hours. Approximately 0.5 g of sediment 
from each sample was weighed on an electronic balance. The sediment samples were 
placed in a Teflon microwave digestion tube. 10 mL of trace metal grade nitric acid were 
pipetted into each digestion tube. The tubes were sealed and placed in a microwave 
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digester (MDS-2000; CEM Corporation) and digested according to USEPA method 
3015-A (USEPA, 2007). 2 mL of digested solution were pipetted into 25 mL of DI water 
contained in a 25-mL plastic centrifuge tube. 2 mL of diluted solution were then pipetted 
into a 15-mL glass centrifuge tube containing 8 mL of 2% nitric acid solution. All 
volume additions were monitored gravimetrically. Each digested sample was analyzed 
for total Se concentration using ICP-MS (inductively coupled plasma mass-spectrometer, 
Thermo Scientific X Series 2) following USEPA method 6020A (USEPA, 2007). Multi-
element standards were used to calibrate the ICP-MS for Se analysis.  
2.3.3 Comparison of nutrient amendment addition to Se-reducing microbe abundance 
In order to compare the effect of nutrient amendment concentration to abundance 
of Se-reducing microbes, nutrient amendment mass loading rate was compared to 
abundance of culturable Se-reducing microbe colonies (SRMCs) per mL of water from 
the sediment/water interface. The technique used to quantify abundance of culturable 
SRMCs was modified from Spacil (2010). Samples were collected in each of the 18 
CWTSs by uncovering an inverted 15-mL sterile plastic centrifuge tube at the 
sediment/water interface and scooping sediment and water from the interface. Three 
replicates of each of the 18 samples were analyzed (54 total). For each replicate, 50 mL 
of sterile deionized water were poured into the funnel of a sterile autoclaved vacuum 
assembly. 0.003 mL of each sample was pipetted and dispersed into the 50 mL of sterile 
autoclaved deionized water. This volume was found by Spacil (2010) to yield countable 
numbers of SRMCs. This solution was filtered through a 0.45-µm filter with the vacuum 
assembly. The solution was discarded and each filter was placed on an
 
agar contained in a 
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5-cm diameter petri dish. The agar was made by adding 0.11 mg Na2SeO3 and 100 mg of 
AquaSmart
TM
 to 500 mL of agar solution to attain a Se concentration of 100 µg/L and an 
AquaSmart
TM
 concentration of 200 mg/L in the agar solution. AquaSmart
TM
 provided 
nutrients and energy for the microbes, and the Se concentrations allowed for preferential 
growth of SRMCs. The dishes were placed in a GasPak
®
 anaerobic chamber and 
incubated at room temperature (approximately 22° C) for 48 hours. The lid to the 
GasPak
®
 was opened slightly to allow oxygen to enter the chamber. Incubation continued 
for another 120 hours. SRMCs were identified based upon the red/orange color of the 
colonies and counted. This hue is characteristic of precipitated elemental Se and SRMCs 
(Oremland et al., 2004; Zhang et al., 2008). Linear regression was used to determine 
correlations between amount of AquaSmart
TM
 added to the CWTS and number of 
culturable SRMCs per mL of water from the sediment/water interface. 
2.4 Results 
2.4.1 Conditions in CWTSs 
The CWTSs were constructed in March 2011, and conditions were deemed 
sufficient (pH >6.5 and -250<Eh<0) to initiate sampling in May 2011, approximately 6 
weeks after CWTS construction.  During the year-long experiment, water quality 
parameters were measured in each CWTS on 21 sampling dates. Measured values of pH 
ranged from 6.40 to 7.42 with 99% of values in all treatment groups within the targeted 
pH of 6.5 to 8 (Table 2). Oxidation-reduction values ranged from 40 to -278 mV with 
96% of measured values within the targeted range of 0 to -250 mV (Table 3). Measured 
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DO levels ranged from 0.2 to 12 mg/L (Table 4). For the 21 sampling dates, the 
percentage of samples within the targeted DO concentration of < 2 mg/L in the control, 
1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups was 19, 33.3, 41.3, 61.9, and 71.4%, 
respectively. Measured water temperature in all CWTSs during the year ranged from 4 to 
32ºC (Table 5). Alkalinity, hardness, and conductivity measurements in the CWTSs 
averaged 54 mg/L, 335 mg/L, and 3,088 µS/cm, respectively. Measured Se 
concentrations in the EDW ranged from 43.3 to 60.6 µg/L. Se concentrations in the total 
inflow (Co) ranged from 36.7 to 60.6 µg/L.  
2.4.2 CWTS Performance 
 For the 21 sampling dates, the mean Se concentrations in the outflows of the 
control, 1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups were 27.1, 19.3, 18.3, 16.8, 
11.3, and 10.3 µg/L, respectively. Mean Se removal efficiency correlated negatively with 
AquaSmart
TM
 mass loading for 5 (5/26/11, 6/13/11, 6/28/11, 7/13/11, and 5/1/12) of the 
21 sampling dates (Figure 2) with R
2
 values ranging from 0.01 to 0.62 and slopes (units 
of % removal efficiency per mg/min nutrient amendment mass loading rate) ranging from 
-2.52 to -0.38 (Table 6). Removal efficiency and AquaSmart
TM 
mass loading were 
positively correlated with R
2
 values exceeding 0.6 (Table 6) for 13 of the 15 sampling 
dates from 8/20/11 to 4/16/11 (exceptions were 12/2/11 and 3/3/12 sampling dates; 
Figure 2).  
The 5 µg/L treatment goal for Se in the CWTS outflows was achieved in 69 of the 
378 samples from all CWTSs during the experiment (Table 7). Of these 69 samples, 7.3, 
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7.3, 10.1, 10.1, 31.9, and 33.3 % occurred in the control, 1.75, 3.5, 5.25, 7 and 8.75 mg 
AquaSmart/min treatment groups, respectively. Among the removal efficiencies for the 
21 sampling dates (Table 8) the maximum mean removal efficiency was 97.9% in the 
8.75 mg/min treatment group on 9/16/11. Se concentrations in the outflow of the 3 
CWTS replicates during this sampling date were 0.8, 1.0, and 1.2 µg/L. The greatest Se 
removal occurred during the 7/28/11 to 11/3/11 sample dates. During these seven 
sampling dates, mean Se concentrations in the control, 1.75, 3.5, 5.25, 7, and 8.75 
mg/min treatment groups were 25.4, 16.7, 18.8, 13.7, 4.2, and 3.2 µg/L, respectively. 
ANOVA and Tukey analyses of Se removal efficiencies indicated that removal 
efficiencies of the 1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups were significantly 
(alpha=0.05) greater than the control during 1, 7, 5, 10, and 10 of 21 total sampling dates, 
respectively.  
The first sorption experiment yielded aqueous Se concentrations of 53.4, 38.4, 
39.5, 54.4, 58.1, and 67.9 µg Se/L in the 0.1, 0.25, 0.5, 1, 2, and 4 g AquaSmart
TM
 test 
groups, respectively. Measured Se concentration in the stock solution was 50.1 µg/L. The 
second sorption experiment yielded aqueous concentrations of 45.3, 46.3, 22.8, 29.7, 
44.0, and 45.2 µg/L Se in the 0.05, 0.1, 0.25, 0.5, 1, and 2 g AquaSmart
TM 
test groups, 
respectively. Measured Se concentration in the stock solution was 49.4 µg/L. The third 
sorption experiment yielded aqueous concentrations of 51.0, 47.5, 46.3, 43.7, 44.2, 37.1, 
and 39.7 µg/L in the 0.05, 0.1, 0.25, 0.5, 1, 2, and 4 g AquaSmart
TM 
test groups, 
respectively. Measured Se concentration in the stock solution was 55.8 µg/L. The plots of 
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the solid mass fraction versus equilibrium Se aqueous concentration for each of the three 
tests did not yield a pattern capable of fitting an accurate isotherm.  
Concentrations of Se in the 4 samples of AquaSmart
TM
 determined by acid 
digestion and ICP-MS analysis were 1.1, 1.5, 1.5, and 1.7 µg/g. Based on these results, 
Se concentration in the stock nutrient amendment mixture (1.75 g nutrient amendment 
per liter of water) ranged from 1.9 to 3.0 µg/L. This concentration corresponds to 
negligible addition of Se by the nutrient amendment mixture to the CWTSs. 
Total Se concentrations in sediment of the 3 CWTS replicates in the 8.75 mg/min 
treatment group were 62.0, 8.1, and 136.7 µg Se/g sediment. Concentrations in sediment 
of the 3 CWTS replicates in the control group were 21.5, 11.8, and 8.8 µg Se/g sediment.  
2.4.3 Microbe abundance and comparison to nutrient amendment addition   
Samples for SRMC analysis were collected and analyzed on 6 dates (7/28/11, 
9/16/11, 11/16/11, 1/13/12, 3/3/12, and 3/26/12). Number of culturable SRMCs per mL 
of water ranged from 321 to 1,442 (Appendix B). Correlation between mean number of 
culturable SRMCs in each treatment group and amount of AquaSmart
TM
 added to the 
treatment group (Figure 3) was low (R
2
= 0.04, 0.19, 0.12, 0.13, and 0.05) for 5 of the 6 
analyses (7/28/11, 9/16/11, 11/16/11, 1/13/12, and 3/26/12, respectively) and strong 
(R
2
=0.89) for the 3/3/12 analysis. 
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2.5 Discussion   
Correlation between nutrient amendment mass loading rate and mean Se removal 
efficiency was strong (R
2
=0.61 to 0.93) for a majority of sampling dates (13 of 21). This 
is likely due to nutrient amendment providing an additional energy source and nutrients 
to the microbes, which encouraged microbially mediated dissimilatory Se reduction. 
Nutrient amendment addition has correlated with Se removal efficiency in previous 
studies (Cantafio et al., 1996; Zhang et al., 2003; Spacil et al. 2011a, b). Higher 
temperature correlated with greater Se removal efficiency, as observed by Allen (1991) 
and Chow et al. (2004). Seasonal change in temperature likely contributed to lower 
treatment performance in late autumn, winter, and early spring. Warm temperature during 
the early sampling dates (5/26/11, 6/13/11, 6/28/11, and 7/28/11) likely contributed to 
high mean removal efficiencies (59.8-95.1%) for all nutrient amendment treatment 
groups. 
Oxidation-reduction potential and DO concentration were confirmed to be 
important parameters influencing Se removal in CWTSs. Of the 69 outflow samples that 
met the 5 µg Se/L treatment goal, 55.1% of samples met both targeted conditions, 29% 
met only the targeted redox potential (-250 to 0 mV), and 10.1% met only the targeted 
DO concentration (< 2 mg/L). 5.8% of samples did not meet the targeted DO 
concentration and had unreported redox measurements due to instrument error. Of the 
309 outflow samples that did not meet the 5 µg Se/L treatment goal, 2.6% met only the 
targeted DO concentration, 56.3% met only the targeted redox potential, and 38.8% met 
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both targeted conditions. These data suggest that targeted redox potential (-250 to 0 mV) 
and DO concentration (< 2 mg/L) promote Se removal to levels of 5 µg/L or less. 
 The correlation between nutrient amendment mass loading rate and number of 
culturable SRMCs was very low (< 0.2) in four of the five analyses; however, this does 
not preclude the possibility that nutrient amendment addition affected SRMC size or 
productivity. Interestingly, the only analysis (3/3/12) showing strong positive correlation 
(R
2
 = 0.89) between mean number of SRMCs and amount of AquaSmart
TM
 added 
coincides with the only microbe sampling date for which Se removal efficiency and 
amount of AquaSmart
TM
 has a weak (R
2
 = 0.00) correlation. It is also interesting that for 
the 3/3/12 sampling date, measured DO concentration in 13 of 18 CWTSs was outside 
the range targeted for growth of anaerobic Se-reducing microbes. However, presence of 
culturable SRMCs in the CWTSs suggests that microbial reduction of Se was an 
operative pathway. Reduction of Se by bacteria is a major pathway of Se removal 
(Oremland et al., 1990; Steinberg and Oremland 1990; Zhang and Moore, 1996; Gao et 
al., 2000; Gao et al., 2003). The CWTSs in this study were designed to enhance 
dissimilatory Se reduction; however, removal of Se in the CWTSs was likely 
accomplished through a combination of pathways. The strong correlation between 
nutrient amendment mass loading rate and Se removal for 13 of the 21 sampling periods 
suggests that addition of nutrient amendment to the CWTSs promoted Se removal. Se 
removal in wetlands is a complex process that is accomplished by a variety of pathways 
(Gao et al., 2000). Previous studies have shown that volatilization (Lin and Terry, 2003) 
and uptake of Se by microorganisms and plants and subsequent incorporation into the 
24 
 
sediments (Gao et al., 2000) are operative pathways for Se removal. High Se 
concentrations measured in sediments of the 8.75 mg/min treatment group indicate that 
Se transfer to the sediment is an operative fate of Se in the nutrient-amended CWTSs.  
Results of the serial batch sorption experiments indicate that Se was sorbed in 15 
of 19 test bottles. Maximum sorption yielded a solid mass fraction of 31.9, representing a 
53.8% decrease in Se concentration. Other investigators have confirmed that yeast can 
sorb metals (Volesky et al., 1993; Aksu and Donmez, 2003). Desorption of Se, indicated 
by an increase in Se concentration, was observed in 4 of the 6 test bottles in the first 
experiment, which is consistent with other studies in which Se was associated with yeast 
products (Demirci et al., 1999; Far et al. 2010). Results of this experiment suggest that 
the degree to which Se sorption by AquaSmart
TM
 occurs is variable among samples. 
AquaSmart
TM
 is a mixture of different constituents, and variations in sorption capacity 
may be due to heterogeneity of the mixture composition. Concentrations of Se in 
AquaSmart
TM
 measured in the acid digestion and ICP-MS analysis indicate that the 
nutrient amendment mixture was not a major source of Se to the CWTSs. 
In this study, the treatment groups with the greatest Se removal were the 8.75 and 
7 mg/min groups, corresponding to AquaSmart
TM
 inflow concentrations of 265.2 and 205 
mg/L, respectively. Removal efficiencies in both treatment groups were significantly 
different from the control group during 10 of 21 sampling dates. Mean Se concentrations 
in the outflows of the 7 and 8.75 mg/min treatment groups from 7/28/11 to 11/3/11 were 
4.2 and 3.2 µg/L, respectively. Of the 69 outflow samples achieving the 5 µg/L 
25 
 
concentration goal, 31.9 and 33.3 % occurred in the 7 and 8.75 mg/min groups, 
respectively. These results suggest that Se removal efficiencies similar to the 265.2 mg 
AquaSmart/L treatment group can be attained through the addition of 205 mg 
AquaSmart/L. Based on the results for the AquaSmart
TM
 concentrations tested for the 
conditions in this pilot-scale study, 205 mg AquaSmart/L was the minimum application 
concentration to reduce Se concentrations from 50 to 5 µg/L. Nutrient amendment mass 
loading would need to be proportionally increased in a field-scale CWTS to attain an 
AquaSmart
TM 
inflow concentration of 205 mg/L. For example, a field-scale CWTS 
treating 378,541 L (100,000 gal) per day would require a mass loading of 77.6 kg 
AquaSmart/day to attain an inflow concentration of 205 mg AquaSmart/L. Successful 
treatment of Se in CWTSs is contingent upon the maintenance of targeted DO 
concentration, redox potential, and pH conditions in the systems.  In a field-scale CWTS, 
it would be essential to carefully monitor and maintain these conditions in order to 
reliably achieve targeted Se removal.  
2.6 Conclusions 
CWTSs amended with AquaSmart
TM
 mass loading rates of 8.75 and 7 mg/min 
consistently reduced aqueous concentrations of Se from 50 μg/L to less than 5 μg/L, 
meeting the USEPA chronic water criterion for Se (USEPA, 2002; 2004). Although 
similar removal efficiencies have been achieved in engineered bioreactors (Cantafio et 
al., 1996), few previous studies (Spacil et al., 2011a, b) have measured Se removal in 
wetlands from concentrations of 50 to less than 5 µg Se/L. Nutrient-amended CWTSs 
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may provide industry with a viable technology to treat waters containing elevated levels 
of Se. Se removal efficiency correlated positively with nutrient amendment loading. The 
minimum concentration of AquaSmart
TM
 tested that consistently achieved removal of Se 
from 50 µg/L to less than 5 µg/L was 205 mg/L (7 mg/min AquaSmart
TM
 mass loading 
rate). No samples meeting the 5 µg/L Se concentration goal were outside both targeted 
DO concentration and redox potential, confirming that DO concentration of 2 mg/L or 
less and negative oxidation-reduction potential promote decrease of Se to concentration 
below 5 µg/L. Successful treatment of Se in CWTSs is contingent upon the maintenance 
of targeted DO concentration, redox potential, and pH conditions in the systems. Because 
the majority of Se reduction occurs in the sediments, as indicated by the high (8.1 to 
136.7 µg Se/g) Se concentration in the sediments of the 8.75 mg/min treatment group, it 
is recommended that future CWTSs be amended with nutrient amendment applied 
directly to the sediment. A nominal 4-day HRT was used in this study; a longer HRT may 
result in increased Se removal in CWTSs. Results from a previous study (Spacil et al. 
2011 a, b) demonstrated that Se concentrations could be reduced from 50 µg/L to 5 µg/L 
through the addition of 270 mg/L AquaSmart
TM
 to CWTSs located in a climate-
controlled greenhouse. Results from this study indicate that similar removal can be 
achieved in CWTSs located outdoors through the addition of 205 mg/L AquaSmart
TM
, 
representing 24% less nutrient amendment. This research provides data regarding nutrient 
amendment mass loading rate and DO concentration that could be applied to the design 
of field-scale CWTSs constructed to remediate waters containing elevated concentrations 
of Se. 
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Figure 1. 18 individual CWTSs and constant head flow control system (white elevated buckets connected 
to tubing). EDW and nutrient amendment mixture reservoirs in center background. Photographed May 
2011. 
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   E.         F. 
 
 
Figure 2.  Mean Se removal efficiencies of the 3 replicates within each treatment group vs. AquaSmart
TM
 
mass loading rates and coefficients of determination (R
2
). Removal efficiencies were consistent across 
nutrient amendment treatment groups in the early summer months. Removal efficiencies were positively 
correlated to nutrient amendment mass loading rate during sample dates 8/20/11 to 4/16/12 (excepting 
3/3/12). 
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Figure 2. Continued 
 
 
 
 
   
35 
 
         A. 
 
       B. 
 
Figure 3. Se-reducing microbe colony abundance vs. AquaSmart
TM
 mass loading rate. Microbe abundance 
was calculated by averaging the number of SRMCs in each replicate in each treatment group.  
A) Correlation coefficients for the 7/28/11, 9/16/11, and 11/16/11 analyses were 0.04, 0.19, and 0.12, 
respectively.  
B) Correlation coefficients for the 1/13/12, 3/3/12, and 3/26/12 analyses were 0.13, 0.89, and 0.05, 
respectively. 
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Table 1. Analytical methods for explanatory parameters in pilot-scale CWTSs for treating simulated 
energy-derived water. Redox potential was measured in hydrosoil. All other parameters were measured 
in water. 
Parameter Method Detection Limit 
pH  Direct Instrumentation: Orion Model 420A 0.01 S.U. 
Conductivity Direct Instrumentation: YSI 30 0.1 μS/cm 
Alkalinity Standard Methods2: 2320 B 2 mg/L as CaCO3 
Hardness Standard Methods2: 2340 C 2 mg/L as CaCO3 
DO1 Direct Instrumentation: YSI Model 52  0.1 mg/L 
Temperature Direct Instrumentation: YSI Model 52 0.5ºC 
Redox Potential Modified standard method2 2580B: GDT-11 Multi-meter 10 mV 
  1Dissolved Oxygen   2APHA (2005) 
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Table 2. Measured pH (s.u) for each sampling date. Values outside targeted range are indicated by (*).  
CWTS 
ID 
MLR 
(mg/min) 
5/26
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 6.84 7.19 7.12 7.19 7.17 7.32 7.26 7.05 6.93 7.02 6.82 
B 0 6.68 7.16 7.19 7.22 7.25 7.38 7.31 7.04 7.08 6.92 6.58 
C 0 6.78 7.14 7.26 7.22 7.26 7.40 7.11 7.07 7.02 6.84 6.61 
D 1.75 6.79 7.16 7.20 7.20 7.05 7.24 7.14 6.59 7.00 6.80 6.56 
E 1.75 6.80 7.19 7.17 7.27 7.09 7.00 6.99 6.74 7.01 6.80 6.64 
F 1.75 6.83 7.09 7.26 7.18 7.18 7.02 7.03 6.77 6.98 6.71 6.61 
G 3.5 6.86 7.22 7.33 7.11 7.03 7.25 6.98 6.63 6.52 6.81 6.74 
H 3.5 6.92 7.27 7.26 7.08 6.94 7.08 7.24 6.65 6.59 6.67 6.61 
I 3.5 6.73 7.31 7.37 7.12 7.04 7.12 7.03 6.58 6.90 6.56 6.67 
J 5.25 6.68 7.12 7.19 7.12 7.07 7.14 7.29 6.65 6.95 6.93 6.65 
K 5.25 6.73 7.17 7.21 7.21 7.15 7.38 7.19 6.63 7.13 7.00 7.08 
L 5.25 6.74 7.14 7.08 7.09 7.22 7.13 7.07 6.70 6.88 7.10 6.77 
M 7 6.75 7.22 7.15 7.07 7.01 7.01 7.12 6.53 6.92 6.85 6.82 
N 7 6.76 7.17 7.08 7.04 7.02 7.05 7.10 6.50 7.01 7.00 6.52 
O 7 6.80 7.23 7.20 7.14 7.00 7.02 7.11 6.56 6.93 6.95 6.65 
P 8.75 6.86 7.36 7.16 7.06 7.10 7.04 7.18 6.52 6.89 6.80 6.70 
Q 8.75 6.78 7.20 7.14 7.23 7.18 7.18 7.20 6.50 6.82 7.00 6.58 
R 8.75 6.81 7.04 7.23 7.09 7.13 7.00 7.17 6.58 6.77 6.65 6.67 
 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 6.54 6.71 6.76 6.58 7.09 7.42 6.97 6.71 6.71 6.56 
B 0 6.52 7.00 6.67 6.86 6.97 7.30 7.05 6.83 6.83 6.54 
C 0 6.53 6.80 6.92 6.88 6.89 7.33 6.91 6.78 6.78 6.52 
D 1.75 6.80 6.62 6.76 6.52 6.67 7.30 7.05 6.71 6.71 6.68 
E 1.75 6.56 6.61 6.57 6.51 6.62 7.18 6.85 6.56 6.56 6.51 
F 1.75 6.57 6.58 6.70 6.68 6.52 7.28 6.96 6.72 6.72 6.7 
G 3.5 6.65 6.67 6.62 6.64 6.60 7.08 6.94 6.94 6.94 6.63 
H 3.5 6.97 6.60 6.52 6.57 6.67 7.16 7.03 7.01 7.01 6.65 
I 3.5 6.94 6.63 6.67 6.63 6.56 6.98 6.70 6.67 6.67 6.55 
J 5.25 6.53 6.73 6.71 6.85 6.53 6.84 6.75 6.61 6.61 6.5 
K 5.25 6.63 6.72 6.74 6.50 6.65 7.05 6.80 6.65 6.65 6.55 
L 5.25 6.62 6.74 6.81 6.68 6.67 7.29 6.70 6.86 6.86 6.51 
M 7 6.59 6.50 6.42* 6.58 6.59 6.67 6.61 6.52 6.52 6.56 
N 7 6.51 6.50 6.55 6.58 6.64 6.92 6.21 6.56 6.56 6.55 
O 7 6.62 6.54 6.56 6.64 6.52 7.01 6.91 6.63 6.63 6.57 
P 8.75 6.82 6.50 6.67 6.62 6.67 6.73 6.75 6.71 6.71 6.56 
Q 8.75 6.50 6.43* 6.64 6.63 6.64 6.85 6.58 6.56 6.56 6.5 
R 8.75 6.54 6.40* 6.43* 6.57 6.52 6.69 6.85 6.63 6.63 6.54 
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Table 3. Measured oxidation-reduction potential (mV) for each sampling date. Values outside targeted 
range are indicated by (*). 
CWTS 
ID 
MLR 
(mg/min) 
5/26 
2011 
6/13 
2011 
6/28 
2011 
 
7/13 
2011 
 
7/28 
2011 
 
8/20 
2011 
 
9/1 
2011 
 
9/16 
2011 
 
10/6 
2011 
 
10/20 
2011 
 
11/3 
2011 
A 0 -118 -88 -165 -276* -278* -159 -64 -81 -59 nr -204 
B 0 -58 -151 -214 -150 -165 -190 -149 -211 -208 nr -202 
C 0 -68 -87 -170 -186 -185 -185 -130 -132 -126 nr -86 
D 1.75 -55 -193 -133 -215 -206 -228 -162 -237 -180 nr -159 
E 1.75 7* -145 -54 -250 -247 -150 -87 -244 -162 nr -120 
F 1.75 -88 -118 -167 -173 -228 -165 -60 -94 -178 nr -231 
G 3.5 -61 -191 -163 -114 -182 -169 -76 -197 -165 nr -113 
H 3.5 -77 -138 -188 -32 -250 -96 -26 -153 -160 nr -116 
I 3.5 -111 -103 -49 -102 -137 -171 -32 -151 -115 nr -44 
J 5.25 -58 -160 -108 -210 -220 -90 -136 -130 -131 nr -93 
K 5.25 -133 -6 -50 -223 -220 -185 -139 -179 -158 nr -165 
L 5.25 -33 -64 -212 -111 -135 -98 -128 -58 -132 nr -132 
M 7 -51 -128 -193 -255* -251* -198 -72 -221 -234 nr -232 
N 7 40* -3 -43 -246 -242 -186 -85 -162 -215 nr -119 
O 7 -53 -133 -205 -264* -266* -165 -50 -150 -108 nr -123 
P 8.75 -129 -118 -59 -252* -226 -170 -55 -194 -151 nr -114 
Q 8.75 -121 -154 -45 -181 -196 -136 -102 -131 -92 nr -101 
R 8.75 -166 -140 -174 -198 -180 -130 -52 -150 -135 nr -148 
nr = not reported due to instrument error 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 -161 -121 -150 -94 -196 -58 -56 -76 -76 -190 
B 0 -216 -184 -217 -198 -202 -184 -175 -190 -190 -205 
C 0 -109 -65 -80 -76 -189 -182 -21 -91 -91 -89 
D 1.75 -237 -219 -207 -225 -207 -210 -205 -283* -283* -211 
E 1.75 -244 -230 -195 -198 -60 -230 -250 -256* -256* -250 
F 1.75 -165 -147 -158 -140 -146 -148 -165 -167 -167 -170 
G 3.5 -209 -245 -206 -191 -215 -122 -237 -255* -255* -240 
H 3.5 -212 -159 -25 -183 -124 -173 -182 -189 -189 -182 
I 3.5 -198 -176 -178 -205 -150 -165 -220 -116 -116 -126 
J 5.25 -128 -70 -134 -156 -145 -165 -200 -213 -213 -112 
K 5.25 -130 -116 -62 -145 -85 -190 -143 -145 -145 -158 
L 5.25 -160 -88 -64 -70 -100 -60 -80 -117 -117 -94 
M 7 -239 -231 -210 -222 -226 -230 -240 -235 -235 -224 
N 7 -63 -208 -114 -132 -135 -165 -182 -199 -199 -192 
O 7 -125 -138 -77 -132 -154 -111 -157 -169 -169 -134 
P 8.75 -77 -70 -146 -160 -180 -190 -170 -201 -201 -203 
Q 8.75 -103 -77 -151 -170 -156 -141 -161 -166 -166 -200 
R 8.75 -118 -70 -85 -140 -55 -120 -150 -170 -170 -173 
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Table 4. Measured dissolved oxygen concentrations (mg/L) for each sampling date. Values outside 
targeted range are indicated by (*). 
CWTS 
ID 
MLR 
(mg/min) 
5/26 
2011 
6/13 
2011 
6/28 
2011 
 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 2.6* 3.7* 3.0* 1.3 0.5 0.6 1.1 5.6* 4.0* 5.6* 9.8* 
B 0 3.7* 2.9* 2.4* 1.6 1.4 2.5* 2.6* 5.4* 3.5* 7.4* 10.2* 
C 0 4.7* 3.3* 2.4* 1.6 1.2 2.0 1.5 5.5* 3.8* 7.7* 9.8* 
D 1.75 3.3* 3.8* 2.2* 2.5* 2.0 1.8 0.8 5.2* 3.0* 3.3* 7.0* 
E 1.75 2.0 2.4* 2.0 2.0 2.0 1.7 0.8 5.1* 3.1* 3.0* 8.2* 
F 1.75 2.3* 2.3* 2.9* 2.0 1.4 1.6 1.0 4.3* 2.5* 5.7* 7.6* 
G 3.5 2.1* 2.1* 2.5* 2.3* 1.8 2.0 0.4 4.1* 2.1* 4.3* 7.8* 
H 3.5 2.4* 1.9 0.8 1.8 2.7* 2.0 0.5 5.4* 2.6* 4.4* 6.8* 
I 3.5 1.9 1.1 1.0 1.0 2.3* 0.7 0.4 4.8* 2.5* 4.2* 6.3* 
J 5.25 2.6* 3.7* 3.0* 1.7 1.7 2.0 1.7 5.5* 1.7 5.0* 4.8* 
K 5.25 3.8* 2.5* 3.2* 1.6 1.5 1.0 1.5 5.4* 3.1* 7.0* 9.2* 
L 5.25 3.3* 2.9* 2.8* 1.7 1.3 0.8 1.2 5.0* 3.3* 4.5* 8.4* 
M 7 4.5* 1.2 0.9 0.3 0.9 2.0 0.6 3.0* 1.6 2.9* 3.0* 
N 7 4.4* 1.8 2.0 0.3 1.0 1.7 1.0 3.7* 2.6* 3.3* 5.2* 
O 7 3.6* 1.2 1.5 0.3 1.1 1.6 0.7 3.7* 1.8 3.1* 4.7* 
P 8.75 3.8* 1.0 2.3* 0.3 0.3 0.4 1.7 3.2* 1.2 2.7* 0.9 
Q 8.75 4.9* 1.0 1.5 0.7 0.3 0.3 2.9* 1.0 1.4 0.9 2.8* 
R 8.75 3.1* 1.2 1.2 2.3* 0.6 0.6 0.2 2.7* 1.8 1.0 1.3 
 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 8.6* 4.3* 9.7* 4.8* 11.1* 8.3* 5.6* 2.0 2.0 2.3* 
B 0 6.0* 7.0* 9.6* 5.6* 12* 10.2* 6.4* 4.3* 4.3* 3.0* 
C 0 4.6* 7.9* 9.2* 4.0* 11.4* 8.1* 4.9* 3.2* 3.2* 4.0* 
D 1.75 3.9* 2.0 8.3* 1.0 7.6* 3.2* 7.0* 2.5* 2.5* 1.5 
E 1.75 8.0* 2.0 10.7* 2.2* 8.6* 7.8* 6.0* 1.3 1.3 1.0 
F 1.75 4.3* 6.5* 8.3* 1.5 10.1* 3.3* 5.8* 2.4* 2.4* 3.6* 
G 3.5 2.3* 2.7* 7.6* 1.0 6.5* 3.7* 4.5* 1.3 1.3 2.5* 
H 3.5 3.3* 3.9* 7.3* 1.3 8.2* 2.5* 4.0* 0.5 0.5 1.9 
I 3.5 2.8* 3.1* 7.0* 1.5 9.7* 3.6* 3.7* 2.3* 2.3* 2.2* 
J 5.25 2.2* 4.0* 5.8* 0.8 5.58 1.7 2.0 1.0 1.0 4.4* 
K 5.25 4.1* 3.7* 7.8* 1.0 6.8* 3.9* 4.4* 0.9 0.9 2.0 
L 5.25 6.3* 3.8* 7.5* 1.9 11.0* 1.2 6.0* 0.8 0.8 2.5* 
M 7 1.2 4.2* 1.8* 1.9 0.7 1.3 2.8* 0.8 0.8 2.9* 
N 7 2.4* 3.9* 5.1* 0.8 1.5 1.4 0.7 0.7 0.7 2.4* 
O 7 2.4* 2.0 0.9 0.9 4.7* 1.8 3.0* 1.6 1.6 2.3* 
P 8.75 0.4 0.7 2.6* 0.5 2.2* 0.7 2.0 0.5 0.5 1.9 
Q 8.75 1.6 1.8 4.0* 0.7 5.3* 2.3* 1.0 1.2 1.2 1.0 
R 8.75 0.7 2.2* 3.7* 0.9 4.0* 0.8 0.5 0.6 0.6 2.0 
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Table 5. Measured water temperatures (ºC) 
CWTS 
ID 
MLR 
(mg/min) 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 29 30 30 29 30 26 32 18 22 18 7 
B 0 30 31 29 29 30 26 32 18 21 18 7 
C 0 30 31 30 30 29 26 32 18 22 17 8 
D 1.75 27 29 30 29 29 26 31 18 22 17 7 
E 1.75 28 30 29 30 30 26 32 17 22 17 7 
F 1.75 27 30 29 30 28 26 32 18 22 18 7 
G 3.5 28 30 29 30 29 26 31 18 21 17 9 
H 3.5 30 30 29 29 29 26 31 18 21 17 9 
I 3.5 30 31 29 30 28 25 31 18 21 18 9 
J 5.25 29 30 30 30 29 26 32 17 22 18 7 
K 5.25 28 31 30 30 30 25 30 18 21 18 7 
L 5.25 28 31 29 30 30 26 32 18 21 17 7 
M 7 31 30 28 30 29 26 32 17 22 18 9 
N 7 32 32 29 30 30 26 31 17 22 17 9 
O 7 30 31 28 29 30 26 32 18 21 17 9 
P 8.75 28 32 30 30 29 25 31 17 20 17 9 
Q 8.75 29 32 30 30 30 25 31 18 21 17 9 
R 8.75 31 31 31 30 30 26 32 18 22 18 9 
 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 18 6 11 10 5 7 15 19 16 22 
B 0 18 6 10 10 5 7 15 20 15 22 
C 0 18 8 11 10 6 7 15 19 16 22 
D 1.75 17 8 11 10 5 7 15 20 18 23 
E 1.75 18 6 11 10 4 7 15 20 16 22 
F 1.75 17 6 10 10 4 7 15 20 16 22 
G 3.5 17 8 11 10 5 8 16 20 18 23 
H 3.5 17 8 11 10 5 8 16 20 16 22 
I 3.5 17 9 11 10 5 8 15 20 17 22 
J 5.25 17 6 11 10 5 7 16 20 16 23 
K 5.25 17 6 11 10 6 7 15 20 16 22 
L 5.25 17 6 11 10 4 7 15 20 16 22 
M 7 17 11 11 10 7 8 16 20 18 22 
N 7 17 11 11 10 8 8 16 20 18 22 
O 7 18 10 12 11 8 8 16 20 17 22 
P 8.75 16 10 12 11 8 8 16 20 16 22 
Q 8.75 16 10 11 11 8 8 15 20 17 22 
R 8.75 17 10 11 10 8 8 16 20 17 22 
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Table 6. R
2
 values and slope of line of best fit for comparison of nutrient amendment mass loading rate and 
mean Se removal efficiency. Units of slope are % removal efficiency per mg/min nutrient amendment mass 
loading rate. Negative correlations are indicated by (*). 
Sample Date R
2
 Value Slope 
5/26/11 0.01* -0.35 
6/13/11 0.31* -1.13 
6/28/11 0.06* -0.38 
7/13/11 0.62* -2.52 
7/28/11 0.52 0.49 
8/20/11 0.93 5.70 
9/1/11 0.63 1.88 
9/16/11 0.61 5.09 
10/6/11 0.86 7.45 
10/20/11 0.84 6.24 
11/3/11 0.75 7.17 
11/16/11 0.74 6.16 
12/2/11 0.40 1.82 
12/16/11 0.82 5.12 
1/13/12 0.76 5.57 
1/31/12 0.92 7.18 
2/17/12 0.72 4.97 
3/3/12 0.00 0.06 
3/26/12 0.65 2.64 
4/16/12 0.73 3.60 
5/1/12 0.20* -0.94 
1Units of slope are % removal efficiency per mg/min nutrient amendment mass loading rate. 
2Negative correlations are indicated by (*). 
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Table 7. Selenium concentration (µg/L) in CWTS inflow and outflow. MLR = nutrient amendment 
nominal mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 18.4 14.6 4.4 4.5 2.9 35.5 12.5 24.4 40.6 32.9 42.6 
B 0 16.3 19.0 9.5 5.2 6.7 24.8 20.7 20.7 36.5 34.5 40.6 
C 0 19.9 23.3 14.9 4.0 4.6 21.4 10.8 18.7 40.5 38.5 45.5 
D 1.75 6.2 11.1 3.8 5.5 3.4 33.5 7.7 9.9 25.2 23.3 31.6 
E 1.75 4.0 12.1 11.0 5.3 4.7 17.4 6.9 7.7 34.5 16.8 33.9 
F 1.75 6.4 29.4 5.4 6.9 3.2 8.9 6.5 10.4 30.0 30.1 32.8 
G 3.5 10.3 17.0 4.1 5.4 5.4 10.9 13.0 21.3 23.0 31.3 34.9 
H 3.5 21.5 14.2 9.2 8.6 4.5 13.0 10.4 19.6 16.1 24.3 38.3 
I 3.5 15.4 12.2 13.4 6.6 4.1 32.7 8.3 24.2 27.3 25.3 37.4 
J 5.25 9.4 12.1 5.7 4.6 2.8 8.1 5.4 6.3 22.5 12.0 30.2 
K 5.25 7.6 14.7 10.5 4.7 3.2 7.7 12.8 5.6 29.1 15.5 36.2 
L 5.25 12.8 15.1 11.4 2.5 2.8 8.1 9.7 11.7 29.3 33.4 35.5 
M 7 11.6 23.1 14.6 11.3 2.6 3.9 3.0 0.9 2.5 3.7 6.2 
N 7 20.5 15.2 10.2 7.7 2.1 3.3 4.0 3.7 6.5 4.1 30.6 
O 7 13.9 18.9 11.0 6.5 1.7 2.9 3.4 5.3 17.9 4.7 12.7 
P 8.75 13.2 19.5 6.0 12.5 2.4 2.2 3.3 1.0 2.7 4.7 5.2 
Q 8.75 13.4 21.7 9.5 Nr Nr Nr 4.1 0.8 4.8 4.4 12.8 
R 8.75 10.1 19.1 3.8 16.8 3.3 3.6 3.6 1.2 4.2 3.1 7.5 
nr = not reported due to malfunctioning nutrient-amendment delivery system 
Continued from above 
CWTS 
ID 
MLR 
 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 49.6 37.1 51.0 39.3 39.3 45.6 11.7 18.7 34.2 13.6 
B 0 nr 37.1 50.2 46.6 44.4 47.3 13.1 20.4 24.6 20.1 
C 0 43.7 40.5 55.0 44.7 40.3 48.4 10.9 25.1 27 11.2 
D 1.75 23.8 22.5 42.0 31.1 29.3 39.0 8.3 9.7 10.1 17.8 
E 1.75 23.4 33.7 35.1 21.9 35.8 44.7 10.4 13.8 12.7 20 
F 1.75 19.0 28.0 45.5 37.9 40.7 36.1 6.5 11.6 32.4 14.9 
G 3.5 18.3 25.6 26.3 13.3 30.7 28.3 2.3 3.4 9.7 11.5 
H 3.5 25.3 37.1 37.0 12.7 25.0 40.8 1.5 5.6 21.8 18.5 
I 3.5 19.2 20.8 37.6 21.6 37.1 43.6 2.6 6.7 13.7 24.1 
J 5.25 21.5 30.6 46.5 12.2 14.7 34.9 7.0 6.3 20.3 12.2 
K 5.25 23.9 29.3 39.6 19.5 30.8 36.1 3.7 5.2 13.5 12.3 
L 5.25 17.0 27.2 30.4 25.0 34.5 51.9 11.5 11.9 19.9 9.8 
M 7 8.8 22.8 20.2 13.6 5.0 26.0 11.7 5.2 5 17.9 
N 7 22.5 34.4 45.0 12.9 9.7 12.7 7.6 6.8 4.5 23.6 
O 7 6.1 27.9 6.2 8.1 20.2 35.6 5.6 5.6 4.9 22.3 
P 8.75 10.9 22.2 11.9 19.4 2.8 12.6 8.3 5.3 6.7 21.8 
Q 8.75 14.7 26.9 23.7 13.7 19.8 41.9 10.4 6.1 14.3 12.1 
R 8.75 6.2 17.3 27.3 6.5 10.4 5.8 6.5 3.4 4.7 15.2 
nr = not reported due to instrument error 
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Table 8. Removal efficiencies (% removal) calculated using Equation 1. MLR = nutrient amendment 
nominal mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 63.8 70.8 90.6 90.3 93.3 31.5 77.1 42.7 19.1 42.2 11.6 
B 0 67.8 62.0 79.5 88.8 84.7 52.2 62.1 51.2 27.2 39.4 15.8 
C 0 60.8 53.3 67.9 91.3 89.6 58.7 80.3 56.1 19.3 32.3 5.6 
D 1.75 87.4 77.0 91.5 87.7 92.1 33.2 85.4 75.8 47.9 57.6 32.1 
E 1.75 91.9 74.9 75.5 88.2 88.9 65.2 86.9 81.3 28.8 69.4 27.2 
F 1.75 87.0 39.1 88.1 84.6 92.3 82.2 87.8 74.8 38.0 45.2 29.5 
G 3.5 78.2 63.5 90.7 87.5 86.8 77.4 74.6 46.4 50.8 41.1 22.4 
H 3.5 54.5 69.6 78.9 80.0 88.9 73.1 79.6 50.6 65.7 54.2 14.9 
I 3.5 67.4 73.8 69.3 84.6 90.0 32.4 83.6 39.2 41.7 52.4 16.9 
J 5.25 79.4 73.2 86.4 89.0 92.8 82.7 89.1 83.6 50.3 76.7 30.6 
K 5.25 83.5 67.4 74.9 88.7 92.0 83.6 74.1 85.3 35.7 69.8 16.8 
L 5.25 72.2 66.6 72.9 94.0 92.9 82.7 80.4 69.7 35.4 35.0 18.5 
M 7 74.0 47.1 64.1 72.1 93.3 91.4 93.8 97.5 94.3 92.6 85.3 
N 7 53.7 65.3 74.9 81.0 94.4 92.8 91.6 90.1 85.2 91.8 27.4 
O 7 68.7 56.7 73.0 83.9 95.6 93.6 92.8 85.8 59.1 90.6 69.9 
P 8.75 69.2 54.0 84.7 68.2 93.6 95.1 92.9 97.2 93.6 90.3 87.3 
Q 8.75 68.8 48.9 75.9 Nr Nr Nr 91.1 97.9 88.6 90.9 68.7 
R 8.75 76.5 55.0 90.3 57.1 91.2 91.7 92.3 96.6 90.2 93.6 81.7 
nr = not reported due to malfunctioning nutrient-amendment delivery system 
Continued from above 
CWTS 
ID 
MLR 
 
11/16/11 
 
12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 4.4 14.3 8.8 29.7 19.6 8.1 76.9 66.8 41.7 76.5 
B 0 nr 14.3 10.2 16.6 9.2 4.6 74.1 63.8 58.1 65.3 
C 0 15.8 6.5 1.6 20.0 17.6 2.4 78.5 55.5 54.0 80.7 
D 1.75 52.5 46.2 22.2 42.4 37.9 18.6 83.0 82.2 82.2 68.2 
E 1.75 53.3 19.4 35.0 59.4 24.2 6.7 78.7 74.7 77.6 64.2 
F 1.75 62.1 33.0 15.7 29.8 13.8 24.6 86.7 78.7 42.8 73.3 
G 3.5 62.3 36.7 49.6 74.5 32.7 38.9 95.1 93.5 82.3 78.7 
H 3.5 47.9 8.2 29.1 75.7 45.2 11.9 96.8 89.4 60.2 65.8 
I 3.5 60.4 48.5 27.9 58.6 18.7 5.8 94.5 87.3 75.0 55.4 
J 5.25 54.1 21.8 7.9 75.8 66.7 22.1 84.7 87.6 61.7 76.7 
K 5.25 49.0 25.1 21.6 61.4 30.3 19.4 91.9 89.8 74.5 76.5 
L 5.25 63.7 30.5 39.8 50.5 21.9 -15.8 74.8 76.6 62.5 81.3 
M 7 80.6 39.8 58.7 72.2 88.3 40.1 73.6 89.5 90.3 64.7 
N 7 50.5 9.2 8.0 73.6 77.3 70.7 82.8 86.2 91.2 53.4 
O 7 86.6 26.4 87.3 83.4 52.8 18.0 87.4 88.7 90.5 56.0 
P 8.75 75.2 39.6 74.9 59.1 93.3 70.1 80.7 88.9 86.5 55.6 
Q 8.75 66.6 26.8 50.0 71.1 52.3 0.4 75.8 87.3 71.3 75.4 
R 8.75 85.9 52.9 42.4 86.3 74.9 86.2 84.9 92.9 90.6 69.1 
nr = not reported due to instrument error 
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Chapter 3: Effect of Seasonal Temperature and Precipitation Variations on 
Selenium Removal in Pilot-Scale Constructed Wetland Treatment Systems 
3.1 Abstract 
The effects of temperature and precipitation on treatment of selenium (Se) in 
simulated impaired water using nutrient-amended, pilot-scale constructed wetland 
treatment systems were investigated in a year-long study. The design consisted of 
constructed wetland treatment systems (CWTSs) amended with a fermented yeast 
product (AquaSmart
TM
, Diamond V
®
, Cedar Rapids, IA), which served as a carbon and 
nutrient source for Se-reducing bacteria, at mass loadings of 1.75, 3.5, 5.25, 7, and 8.75 
mg/min. The effect of seasonal temperature change on Se removal efficiency in CWTSs 
decreased with increased nutrient mass loading. R
2
 values, determined from comparison 
of mean removal efficiency with temperature, ranged from 0.18 for the 8.75 and 7 
mg/min amendment mass loadings to 0.67 for a control group with no amendment added. 
Se removal efficiency was greater in nutrient-amended systems than in control systems. 
Addition of nutrient amendment contributed to low (< 2 mg/L) dissolved oxygen 
concentrations in the systems, even when temperature decreased from 29 to 7° C, 
creating conditions favorable for growth of Se-reducing bacteria. Measured precipitation 
did not correlate strongly to Se removal. High rates of Se removal (maximum = 0.993 h
-
1
), temperature dependence of Se removal, and presence of culturable Se-reducing 
microbe colonies in the pilot-scale CWTSs suggest that dissimilatory reduction is the 
primary pathway of Se removal. Nutrient amendment addition provides nutrients and 
energy to Se-reducing bacteria allowing for Se reduction to continue through the winter 
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months. Constructed wetland treatment systems amended with 205 mg/L AquaSmart
TM
 
can achieve greater than 90% Se removal efficiency, and removal extent of 5 µg Se/L, in 
temperatures as low as 7° C, meeting the USEPA chronic water criterion for Se (USEPA, 
2002; 2004). 
3.2 Introduction 
Selenium has attracted regulatory interest due to its potential to bioaccumulate in 
aquatic organisms (Dobbs et al., 1996; Lemly, 1985; Ohlendorf, 1989) and cause toxic 
effects at low concentrations (< 10 µg/L) (Lemly and Ohlendorf, 2002). Se is an essential 
micronutrient for basic cellular function (Carlson et al., 2004; Zayed et al., 1998); 
however, the difference between the requisite amount and the amount causing toxicity is 
small (Lemly, 2004; Oremland, 1994). Forms of Se commonly present in water include 
the oxyanions, selenite (+IV) and selenate (+VI) (Oremland et al., 1989; Tonietto et al., 
2010; USEPA, 2004; Weres et al., 1989). These forms are soluble in water, and treatment 
through chemical, physical, or biological processes is required to transform or transfer 
selenite and selenate into insoluble forms or phases (Herbel et al., 2003).   
The use of constructed wetland treatment systems (CWTSs) is an innovative 
approach for treating a variety of constituents in impaired waters (Kadlec and Wallace, 
2009). CWTSs can be designed to incorporate chemical, physical, and biological 
processes to achieve removal of Se oxyanions from waters (Spacil et al., 2011a, b). 
Microbial dissimilatory reduction is an effective pathway for treatment of Se based on 
rates and extents of removal in natural systems and agricultural drain water (Oremland et 
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al., 1990; Zhang and Moore, 1996; Zhang et al., 2008). During dissimilatory reduction, 
anaerobic bacteria transform selenate Se(+VI) and selenite Se(+IV) to elemental Se(0) 
(Frankenberger and Arshad, 2001). The end product of the process is insoluble elemental 
Se (Oremland et al., 2004). The majority of Se removed in CWTSs is contained in the 
surface sediments (Lin et al., 2010). 
Nutrient amendments provide energy and nutrients for bacteria including Se 
reducers. Additions of readily labile organic carbon sources, such as acetate (Cantafio et 
al., 1996), lactate (Oremland et al., 1999), glucose (Losi and Frankenberger, 1997), 
molasses (Zhang et al., 2008), rice straw (Zahir et al., 2003; Zhang and Frankenberger, 
2003), yeast extract (Zhang et al., 2003), and soy broth (Zhang and Frankenberger, 2005) 
have been used to enhance microbial reduction of Se(VI) and Se(IV) to Se(0) in 
contaminated waters. A fermented nutritional yeast product, AquaSmart
TM
 (Diamond V
®
, 
Cedar Rapids, IA), has been shown to be an effective nutrient amendment increasing Se 
removal in CWTSs to concentrations below 5 μg/L in post-treatment outflow (Spacil et 
al., 2011a, b); however, this study took place in a climate-controlled greenhouse that was 
not exposed to seasonal variations of temperature and precipitation.  
Microbially mediated dissimilatory Se reduction is influenced by temperature 
with maximal Se reduction occurring at 25 to 35° C (Lortie et al., 1992). Losi and 
Frankenberger (1997) found that Se removal by bacteria increased by approximately 90% 
when temperature increased from 15 to 30°C in a laboratory setting. In CWTSs, rates of 
Se transformation from selenite and selenate to insoluble species are typically greatest 
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during warm temperatures of summer and lowest during cold temperatures of winter 
(Allen, 1991; Chow et al., 2004), which is attributed to decrease in biological activity and 
variation in hydraulic retention time associated with seasonal changes. Precipitation 
events may influence CWTS performance by altering hydraulic retention time of a 
CWTS and resulting in short-term variations in constituent outflow concentration 
(Kadlec, 1999; Chow et al., 2004).  
Although temperature changes affect Se removal in constructed wetlands, no 
research has been conducted on the effects of temperature or precipitation on Se removal 
in nutrient-amended CWTSs. Therefore, the current investigation examined the effects of 
temperature and precipitation on Se removal efficiency in nutrient-amended pilot-scale 
CWTSs. Specific objectives were to: (1) measure Se removal in the CWTSs over the 
course of a year; (2) compare Se removal efficiency to temperature and rainfall 
measurements, and; (3) compare abundance of culturable Se-reducing microbe colonies 
in the CWTSs to temperature. Secondary objectives were to compare dissolved oxygen 
concentration and removal rate coefficients to temperature for all treatment groups. 
3.3 Methods 
3.3.1 Design and construction of pilot-scale CWTSs 
18 pilot-scale CWTSs (Figure 1) were designed based on information from 
published literature, theoretical modeling and data from previous experiments. The 
treatment goal for outflow Se concentration was the chronic water quality criterion 
(WQC) of 5 μg/L (USEPA, 2004). 18 CWTSs were divided into 6 treatment groups of 3 
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replicates each. The experimental design was a regression design (Cottingham et al., 
2005) and included incremental increases in concentrations of nutrient. All 6 treatment 
groups received the same inflow of Se-contaminated water (SCW) (28 mL/min). Five of 
the treatment groups received different concentrations of nutrient amendment, and the 
remaining group was a control that received no nutrient amendment solution. 
AquaSmart
TM 
(Diamond V
®
, Cedar Rapids, IA), which is a fermented yeast nutrient 
amendment, was added to the CWTSs to increase extent of removal of Se by microbes 
(Zhang et al., 2005). Each CWTS was constructed using a 265-L (70 gal.) Rubbermaid
®
 
container (102-cm long by 81-cm wide by 61-cm deep) plumbed with PVC pipe fittings 
approximately 6 cm below the top of each container for outflow. Each container was 
filled with approximately 30 cm of river sand from 18-Mile Creek in Clemson, SC and 
planted with broadleaf cattail (Typha latifolia) at a density of 25-30 plants per CWTS. 
Targeted conditions in the CWTSs were determined based upon the geochemical 
properties of Se and conditions suitable for growth of Se-reducing bacteria as determined 
by Eh-pH diagrams and literature. The targeted water pH and sediment oxidation-
reduction potential (redox) values were 6.5 to 8 and -250 to 0 mV, respectively. At these 
pH and redox conditions, Se is thermodynamically stable as elemental Se, which has low 
solubility (Brookins, 1988; Masscheleyn et al., 1990). Targeted dissolved oxygen (DO) 
concentration was < 2 mg/L to allow for growth of anaerobic Se-reducing bacteria 
(Siddique et al., 2006; Spacil et al., 2011a, b). To maintain circumneutral pH (6.5 – 8), 
1,000 g of ground oyster shells (98% CaCO3 by weight) were added to the sediment of 
each CWTS during construction. To maintain reducing conditions and potentially aid in 
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precipitation of Se, 100 g of zero-valent iron (Fe(0)) were added to each CWTS during 
construction. 12 g of 19-6-12 Osmocote
®
 fertilizer, which does not contain Se as a 
micronutrient, were added to provide essential nutrients (nitrogen, phosphorus, and 
potassium) for microbes and plants.  Water conductivity, alkalinity, and hardness in each 
CWTS were measured using standard methods (APHA, 2005) to monitor changes in 
water characteristics. 
SCW was prepared in a 5,678-L polypropylene tank filled with municipal water. 
Se was added in the form of sodium selenite (Na2SeO3) to attain a nominal concentration 
of 50 μg/L Se. The SCW contained major ions (Ca, Mg, Na, Cl, SO4) that are common 
constituents of waters (Johnson et al., 2008; Spacil et al., 2011b). These ions were added 
in the form of CaCl2·2H2O (205 mg/L), MgSO4·7H2O (355 mg/L), and NaCl (1,230 
mg/L). The water was mixed for 24 hours with a 1-hp submersible pump prior to 
treatment in the pilot-scale CWTSs.  
A Fluid Metering, Inc.
®
 (FMI
®
) QD-Q2CKC pump and constant-head flow 
control system were calibrated to deliver 28 mL SCW/min to each CWTS to achieve a 
nominal 4-day hydraulic retention time (HRT). The inflow of SCW to each CWTS was 
calibrated to a flow rate of 28 mL/min using a 50-mL graduated cylinder and a 
stopwatch. The pump delivered water from the SCW tank to the constant-head flow 
control system reservoir at a flow rate of approximately 600 mL/min. 504 mL/min of the 
water was drained through the constant head flow control system. To maintain a constant 
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pressure head, the remaining 96 mL/min overflowed through the return pipe to the SCW 
tank. 
Six weeks after CWTS construction, reducing conditions had developed and new 
Typha latifolia shoots had grown, indicating that the plants had adjusted to transplanting. 
After this maturation period, stock nutrient mixture was prepared in a 284-L reservoir by 
adding 497 g of granular AquaSmart
TM
 to 284 L of municipal water and mixing for 30 
minutes with a 1-hp submersible pump. The mixture was made twice each week and 
pumped from the 284-L reservoir. A FMI
®
 QG400-Q1CKC pump and constant-head 
flow control system were calibrated to deliver stock nutrient mixture (1.75 g 
AquaSmart/L water) at set flow rates into each of 15 experimental CWTSs, which were 
arranged into 5 groups of 3 replicate CWTSs each. All 3 CWTSs within each group 
received the same flow rate and mass loading rate (MLR) of nutrient solution for the 12-
month duration of the experiment. Measured flow rates for the six groups were 1, 2, 3, 4 
and 5 mL/min, and the nominal mass loading rates of nutrient amendment were 1.75, 3.5, 
5.25, 7, and 8.75 mg/min, respectively. These rates achieved nominal concentration of 
~60.3 to ~265.2 mg/L nutrient amendment in the inflow (combined SCW and 
AquaSmart
TM
 mixture) and nominal Se concentration of 42.4 to 50 µg/L in the combined 
inflow. In order to standardize HRTs in all treatment groups, the volume of water in the 
CWTSs was reduced through the incremental addition of 18-Mile Creek sediment 
contained in 3.79 and 1.89-L plastic Ziploc
®
 bags. The volume displacement of the bags 
accounted for differences in inflow volume arising from the nutrient amendment mixture 
flow rates. 
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3.3.2 Measurement of selenium removal in wetland cells 
Water samples were collected from the outflow of each CWTS and the inflow 
SCW every 14 to 28 days for one year using sterile 15-mL plastic centrifuge tubes. 
Samples were immediately filtered through 0.45-µm syringe filters to remove particulates 
and then acidified by adding 0.3 mL of trace metal grade nitric acid to 9.7 mL of sample. 
Samples were analyzed for Se concentration using ICP-MS (inductively coupled plasma 
mass-spectrometer, Thermo Scientific X Series 2). Multi-element standards, ranging in 
concentration from 0.005 to 100 µg/L, were made by diluting stock solutions containing 
Ag, Au, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Th, Tl, U, V, Zn, Cl, 
Ca, Fe, K, Mg, Na, P, S, and C in 2% Aristar Optima HNO3. Volume additions were 
verified gravimetrically. Multi-element standards were used to calibrate the ICP-MS for 
analysis of Se. A representative calibration curve for Se is displayed in Appendix A. 
Rhenium and Scandium were selected as internal standards and used for sample recovery. 
The internal standard recoveries were within the 80 to 120% standard Quality 
Assurance/Quality Control (QA/QC). Detection limit using this technique was 
approximately 0.1 µg/L Se. Selenium removal efficiencies were calculated using 
Equation 1. 
 Removal Efficiency (%) = (Co-C) x 100           Equation 1 
                Co 
where Co is concentration of Se in inflow to the CWTS and C is concentration of Se in 
the outflow. Co represents concentration of Se in the total inflow and was calculated by 
dividing total mass of Se entering the CWTS in the SCW by the combined volume of 
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SCW and nutrient amendment mixture inflows. Because the targeted Se concentration in 
the EDW was 50 µg/L, a Se concentration in a CWTS outflow of 5 µg/L corresponded to 
90 percent removal efficiency in the control CWTSs. 
3.3.3 Comparison of selenium removal efficiency to temperature and rainfall 
measurements 
The CWTSs were located outdoors in Clemson, South Carolina. Temperature of 
the systems varied with ambient environmental temperature. Temperature is influenced 
by many parameters (e.g. weather patterns, photoperiod) and influences many parameters 
in wetlands (e.g. DO, plant stage and growth, microbial growth, oxidation/reduction 
potential). In order to determine the cumulative effects of temperature on Se removal in 
the CWTSs studied, air temperature was used as a surrogate for all these parameters. 
Temperature and precipitation were measured and recorded hourly with a Davis 
Instruments Vantage Pro-2
TM
 weather station located on-site. Mean air temperature 
during the 96-hour HRT immediately prior to sampling (“mean HRT temperature”) was 
calculated using these readings. To investigate Se removal performance of nutrient-
amended CWTSs in response to temperature change, the relationship between mean Se 
removal efficiency in each treatment group and mean HRT temperature was analyzed 
using linear regression. To investigate Se removal performance of nutrient-amended 
CWTSs in response to precipitation, the relationship between mean Se removal efficiency 
in each treatment group and total precipitation measured during the 96-hour HRT prior to 
sampling (“total HRT precipitation”) was analyzed using linear regression.  
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Se removal rate coefficients were calculated assuming first order rate kinetics 
using Equation 2. 
 Removal Rate Coefficient = -ln(Cf/Ci)           Equation 2 
                                t 
where Ci is concentration of Se in inflow to the CWTS, Cf is concentration of Se in the 
outflow, and t is the time in days of the HRT (4 days). Units for removal rate coefficient 
are day
-1
. The relationship between Se removal rate coefficients in each treatment group 
and mean HRT temperature was analyzed using linear regression. 
3.3.4 Seasonal comparison of treatment performance of CWTS to selenium-reducing 
microbe abundance 
In order to compare the effect of seasonal temperature change on abundance of 
Se-reducing microbes, mean HRT temperature was compared to abundance of culturable 
Se-reducing microbe colonies (SRMCs) per mL of water from the sediment/water 
interface. The technique used to quantify abundance of SRMCs was modified from 
Spacil (2010). Samples were collected in each of the 18 CWTSs by uncovering an 
inverted 15-mL sterile plastic centrifuge tube at the sediment/water interface and 
scooping sediment and water from the interface. Three replicates of each of the 18 
samples were analyzed (54 total). For each replicate, 50 mL of sterile deionized water 
were poured into the funnel of a sterile autoclaved vacuum assembly. 0.003 mL of each 
sample was pipetted and dispersed into the 50 mL of sterile autoclaved deionized water. 
This volume was found by Spacil (2010) to yield countable numbers of microbial 
colonies. This solution was filtered through a 0.45-µm filter with the vacuum assembly. 
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The solution was discarded and each filter was placed on an
 
agar contained in a 5-cm 
diameter petri dish. The agar was made by adding 0.11 mg Na2SeO3 and 100 mg of 
AquaSmart
TM
 to 500 mL of agar solution to attain a Se concentration of 100 µg/L and an 
AquaSmart
TM
 concentration of 200 mg/L in the agar solution. AquaSmart
TM
 provided 
energy and nutrients for the microbes, and the Se allowed for preferential growth of 
SRMCs. The dishes were placed in a GasPak
®
 anaerobic chamber and incubated at room 
temperature (approximately 22° C) for 48 hours. The lid to the GasPak
®
 was opened 
slightly to allow oxygen to enter the chamber. Incubation continued for 120 hours. 
Microbe colonies were identified based upon the red/orange color of the colonies and 
counted. This hue is characteristic of precipitated elemental Se and SRMCs (Oremland et 
al., 2004; Zhang et al., 2008). The number of SRMCs per mL of water was compared to 
mean HRT temperature by plotting the values using Microsoft Excel and conducting 
linear regression analysis. 
3.4 Results 
3.4.1 Construction of pilot-scale CWTSs and measured conditions 
The CWTSs were constructed in March 2011, and conditions were deemed 
sufficient (pH >6.5 and -250<Eh<0) to begin sampling in May 2011, approximately 6 
weeks after CWTS construction. Measured values of pH ranged from 6.40 to 7.42 with 
99% of values in all treatment groups within the targeted pH of 6.5 to 8 (Table 1). 
Oxidation-reduction values ranged from 40 to -278 mV with 96% of measured values 
within the targeted range of 0 to -250 mV (Table 2). Measured DO levels ranged from 0.2 
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to 12 mg/L (Table 3). For the 21 sampling dates, the percentage of samples within the 
targeted DO concentration of < 2 mg/L was 19, 33.3, 34.9, 41.3, 61.9, and 71.4% in the 
control, 1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups, respectively. Mean 
alkalinity, hardness, and conductivity in the CWTSs were 54 mg/L, 335 mg/L, and 3,088 
µS/cm, respectively. 
3.4.2 Measurement of selenium removal in wetland cells  
During the 21 sampling dates, the mean outflow Se concentrations in the control, 
1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups were 27.1, 19.3, 18.3, 16.8, 11.3, 
and 10.3 µg/L, respectively. The 5 µg/L treatment goal for CWTS outflow concentration 
was attained in 69 of the 378 samples from all CWTSs during the course of the 
experiment (Table 4). Of these 69 measured Se outflow concentrations, 7.2, 7.2, 10.1, 
10.1, 31.9, and 33.3% occurred in the control, 1.75, 3.5, 5.25, 7, and 8.75 mg/min 
treatment group, respectively. Of the removal efficiencies measured on the 21 sampling 
dates (Table 5), the maximum mean removal efficiency was 97.2% for the 8.75 mg/min 
treatment group on 9/16/11. Se concentrations in the outflows of the 3 CWTS replicates 
on this sampling date were 0.8, 1.0, and 1.2 µg/L. The interval of greatest Se removal 
occurred from 7/28/11 to 11/3/11 among the following intervals: 5/26/11 to 7/13/11, 
7/28/11 to 11/3/11, 11/17/11 to 2/17/12, and 3/3/12 to 5/1/12. During the 7/28/11 to 
11/3/11 interval, mean Se concentrations in outflows were 25.4, 16.7, 18.8, 13.7, 4.2, and 
3.2 µg/L for the control, 1.75, 3.5, 5.25, 7, and 8.75 mg/min treatment groups, 
respectively. 
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3.4.3 Comparison of selenium removal efficiency to temperature and rainfall 
measurements 
Hourly temperature measurements ranged from -7.2°C on 1/4/12 to 40°C on 
8/3/11. Mean HRT temperature for each sampling date (Table 6) ranged from 7°C 
(1/31/12) to 29°C (7/28/11). R2 values determined from the comparison of mean removal 
efficiency and mean HRT temperature (Figure 2) for all treatment groups ranged from 
0.18 in the 8.75 and 7 mg/min groups to 0.67 in the control group (Table 7). Slope of 
best-fit lines determined from the comparison of removal efficiency and temperature for 
all treatment groups ranged from 1.07 °C-1 in the 8.75 mg/min group to 3.28 °C-1 in the 
control group (Table 7). 
Total HRT precipitation for each sampling date ranged from 0 to 5 cm (Table 6). 
The R
2
 values (Table 7) determined from the comparison of mean removal efficiency and 
total HRT precipitation (Figure 3) for all treatment groups were uniformly low (< 0.15). 
Slope values (Table 7) showed no discernible pattern, ranging from -3.06 cm
-1
 to 0.09 
cm
-1
. 
Correlation between mean (average of 3 replicate CWTSs) DO concentration and 
mean HRT temperature ranged from 0.06 in the 8.75 mg/min group to 0.69 in the control 
group (Table 8; Figure 4). Slope of the best-fit line for comparison of mean DO 
concentration and mean HRT temperature ranged from -0.038 mg/(L°C) in the 8.75 
mg/min group to -0.351 mg/(L°C) in the control group (Table 8; Figure 4). 
Se removal rate coefficients (Table 9) ranged from -0.011 d
-1
 in the 5.25 mg/min 
treatment group (2/17/12) to 0.993 d
-1
 in the 8.75 mg/min treatment group (9/16/11). R
2
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values (Table 10) determined from the comparison of removal rate coefficients and mean 
HRT temperature (Figure 5) ranged from 0.07 in the 8.75 mg/min group to 0.55 in the 
control group. Slope values (Table 10) ranged from 0.009 °C-1*d-1 in the 8.75 and 7 
mg/min groups to 0.019 °C-1*d-1 in the control group.  
3.4.4 Comparison of average HRT temperature to selenium-reducing microbe 
abundance 
Samples for SRMC analysis were collected on 6 dates (7/28/11, 9/16/11, 
11/17/11, 1/13/12, 3/3/12, and 3/26/12). Mean HRT temperatures during these sample 
dates were 29, 22, 11, 9, 16, and 18 °C, respectively. Number of SRMCs per mL of water 
ranged from 321 to 1,442 colonies (Appendix B). Correlation between mean HRT 
temperature and mean number of SRMCs in the CWTSs (Figure 6) for the control, 1.75, 
3.5, 5.25, 7, and 8.75 mg/min groups was very low (R
2
= 0.039, 0.006, 0.000, 0.009, 
0.053, 0.012, respectively). 
3.5 Discussion 
 Understanding effects of temperature on treatment by CWTSs is essential to 
predict system performance and improve CWTS design to maximize Se removal. 
Correlation between mean HRT temperature and mean removal efficiency was much 
stronger for the control group (R
2
=0.67) than for the 8.75 and 7 mg/min treatment group 
(R
2
=0.18). Slope of line of best fit determined from comparison of mean HRT 
temperature with mean removal efficiency (Table 7) decreased with increasing nutrient 
amendment addition, except for the 5.25 mg/min treatment group. These results suggest 
that un-amended CWTSs are more strongly influenced by decrease in temperature than 
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CWTSs amended with AquaSmart
TM
. Previous studies demonstrated that Se removal in 
un-amended CWTSs decreases with seasonal temperature decrease (Allen, 1991; Chow 
et al. 2004). Allen (1991) found that un-amended CWTSs were capable of removing Se 
from water with greater than 90% removal efficiency in the summer months; however, 
removal efficiencies decreased in the autumn months to 7% removal efficiency. Se 
removal efficiencies in the control group during this study reflected a seasonal variation 
similar to the Allen (1991) study with maximum mean removal efficiency of 89.2% 
measured on 7/28/11(mean HRT temperature = 29°C) and minimum of 5% measured on 
2/17/12 (mean HRT temperature = 10°C). Se removal efficiencies in the 8.75 mg/min 
treatment group also demonstrated seasonal variation ranging from 93.4% (8/20/11) to 
39.6% (12/16/11); however, minimum Se removal efficiency for the 8.75 mg/min 
treatment group was 34.6% greater than the minimum control removal efficiency. These 
results suggest that nutrient-amended CWTS are capable of achieving greater removal 
efficiency than un-amended CWTSs during the winter season. 
 Correlation between mean HRT temperature and Se removal rate coefficient was 
much stronger for the control group (R
2
=0.55) than for the 8.75 mg/min treatment group 
(R
2
=0.07). Slope of best-fit lines determined from comparison of mean HRT temperature 
with Se removal rate coefficient (Table 10) decreased with increasing nutrient 
amendment addition, except for the 5.25 mg/min treatment group. These results suggest 
that Se removal rates in un-amended CWTSs are more strongly influenced by decrease in 
temperature than CWTSs amended with AquaSmart
TM
. Nutrient amendments provide 
nutrients and energy to bacteria during winter temperatures when conditions are less 
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favorable for the growth of Se reducing bacteria allowing for greater rates of removal in 
nutrient-amended CWTSs than un-amended CWTSs. In a microcosm study examining Se 
removal in wetland sediment, 97% of Se removal occurred through microbial reduction 
with a maximum Se removal rate coefficient of 0.76 h
-1
 (Baldwin and Hodaly, 2003). 
Although both Se volatilization and reduction are influenced by temperature decrease, the 
high removal rates observed in the CWTSs from this study were similar to Baldwin and 
Hodaly (2003), with a mean Se removal rate coefficient of 0.71 h
-1
 for the 7/28/11 to 
11/3/11 sampling periods, suggesting that dissimilatory Se reduction was the primary 
operative pathway of Se removal. 
 Reduction of Se by bacteria is a major pathway of Se removal (Oremland et al., 
1990; Steinberg and Oremland, 1990; Zhang and Moore, 1996; Gao et al. 2000; Gao et 
al. 2003); however, Se removal in wetlands is a complex process to which different 
pathways may contribute (Gao et al., 2000). Previous studies have shown that 
volatilization (Gao et al., 2003; Hansen et al., 1998; Lin and Terry, 2003) and 
adsorption/precipitation (Baldwin and Hodaly, 2003; Zhang and Moore, 1996; Zhang and 
Moore, 1997) are pathways of Se removal in wetlands. Se volatilization in wetlands has 
been shown to account for less than 10% of total Se removal (Gao et al., 2003; Lin et al., 
2002; Lin and Terry, 2003). Results from previous studies suggest that the majority of Se 
removal in wetland occurs through dissimilatory reduction. In a study of Se-removal 
pathways in wetland sediments, Zhang and Moore (1997) found removal rates of 0.147 
µg Se/g sediment/h for dissimilatory Se reduction, 0.013 µg Se/g sediment/h for 
adsorption, and 0.00014 µg Se/g sediment/h for volatilization. Analyses of 
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biogeochemical processes in sediments from natural wetlands indicated that adsorbed Se 
accounted for only 13% of Se in the sediments whereas reduced Se accounted for 46% of 
Se (Zhang and Moore, 1996).  
 Correlation between DO concentration and temperature was strongly negative 
(R
2
=0.69) in the CWTSs receiving no nutrient amendment and was much lower, in the 
nutrient-amended CWTSs with R
2
 values ranging from 0.36 in the 1.75 mg/min treatment 
group to 0.06 in the 8.75 mg/min treatment group. Additionally, slope of the best-fit line 
for the control group (-0.35 mg/(L°C)) was much greater than slope for the 7 mg/min (-
0.07 mg/(L°C)) and 8.75 mg/min (-0.04 mg/(L°C)) groups. The greater slope for the 
control group indicates that as temperature decreased, DO concentration in the control 
group increased to a greater extent than in the nutrient amended CWTSs. During the 
autumn sampling dates (9/16/11-12/2/11) mean HRT temperature decreased from 22 to 
10°C. During the 12/2/11 sampling date, mean DO concentration ranged from 1.8 mg/L 
in the 8.75 mg/min treatment group to 6.5 mg/L in the control group. These results 
suggest nutrient mass loading contributed to maintaining low DO concentration (< 2 
mg/L) as temperature decreased. DO concentration in control CWTSs increased from a 
mean value of 2.0 mg/L in summer (6/13/11-9/1/11) to 8.7 mg/L in winter (12/16/11 to 
2/17/12) resulting in development of conditions less favorable for growth of Se-reducing 
microbes, many of which require an anaerobic environment (Siddique et al., 2006). 
 Although large precipitation events may influence constituent removal (Kadlec, 
1999), in this study total HRT precipitation did not correlate strongly to Se removal 
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efficiency in any of the treatment groups or in the control group. This lack of correlation 
may be due to competing influences of dilution by precipitation and decreased HRT 
resulting from increased flow rate into the CWTSs. 
3.6 Conclusions   
 Seasonal temperature decrease greatly impacted Se removal in the control, 1.75, 
3.5, and 5.25 mg/min treatment groups. CWTSs amended with AquaSmart
TM
 at mass 
loadings of 8.75 and 7 mg/min achieved greater Se removal efficiency than the control 
CWTSs as temperature decreased. The high removal rate coefficients of Se removal 
(maximum = 0.993 d
-1
) measured in this study were consistent with the removal rate 
coefficients reported for dissimilatory Se reduction in previous studies (Baldwin and 
Hodaly, 2003, Spacil et al., 2011a, b). Additionally, temperature dependence of Se 
removal and presence of culturable SRMCs in the CWTSs for this study suggest that 
dissimilatory reduction was the primary pathway of Se removal. Nutrient amendment 
addition provided nutrients and energy to Se-reducing bacteria allowing for Se reduction, 
and therefore Se removal, to continue through the winter months. Addition of nutrient 
amendment contributed to maintaining low DO concentration (< 2 mg/L), which is 
favorable for growth of Se-reducing bacteria. Measured precipitation did not correlate 
strongly to Se removal in CWTSs. Constructed wetland treatment systems amended with 
205 mg/L (7 mg/min mass loading) AquaSmart
TM
 were capable of achieving greater than 
90% Se removal efficiency and removal extent of 5 µg Se/L, meeting the USEPA chronic 
water criterion for Se (USEPA, 2002; 2004) in temperatures as low as 7°C.  
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Figure 1. 18 individual CWTSs and constant head flow control system (white elevated buckets connected 
to tubing). SCW reservoir and nutrient amendment reservoir in center background. Photographed May 
2011. 
 
 
Figure 2.  Mean Se removal efficiencies of the 3 replicates within the control and 8.75 mg/min treatment 
group vs. mean 96-hour HRT temperature. The correlation is much stronger in the control group and has a 
greater slope than the 8.75 mg/min treatment group.  
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Figure 3. Mean Se removal efficiencies of the 3 replicates within the control and 8.75 mg/min treatment 
group vs. total 96-hour HRT precipitation. Correlation is weak for both treatment groups. 
 
 
 
 
Figure 4.  Mean DO concentration of the 3 replicates within the control and 8.75 mg/min treatment group 
vs. mean 96-hour HRT temperature. The correlation between DO concentration and temperature is stronger 
for the control group than for the 8.75 mg/min treatment group. 
69 
 
 
Figure 5. Removal rate coefficients vs. mean 96-hour HRT temperature for control and 8.75 mg/min 
treatment groups. The correlation is stronger for the control group than the 8.75 mg/min treatment group. 
 
 
 
Figure 6. Mean number of SRMCs per mL of sediment pore water for each treatment group vs. mean 96-
hour HRT air temperature prior to sampling. Microbe abundance was calculated by averaging the number 
of SRMCs in each replicate in each treatment group.  
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Table 1. Measured pH (s.u) for each date. Values outside targeted range are indicated by (*). MLR = 
nominal nutrient amendment mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 6.84 7.19 7.12 7.19 7.17 7.32 7.26 7.05 6.93 7.02 6.82 
B 0 6.68 7.16 7.19 7.22 7.25 7.38 7.31 7.04 7.08 6.92 6.58 
C 0 6.78 7.14 7.26 7.22 7.26 7.40 7.11 7.07 7.02 6.84 6.61 
D 1.75 6.79 7.16 7.20 7.20 7.05 7.24 7.14 6.59 7.00 6.80 6.56 
E 1.75 6.80 7.19 7.17 7.27 7.09 7.00 6.99 6.74 7.01 6.80 6.64 
F 1.75 6.83 7.09 7.26 7.18 7.18 7.02 7.03 6.77 6.98 6.71 6.61 
G 3.5 6.86 7.22 7.33 7.11 7.03 7.25 6.98 6.63 6.52 6.81 6.74 
H 3.5 6.92 7.27 7.26 7.08 6.94 7.08 7.24 6.65 6.59 6.67 6.61 
I 3.5 6.73 7.31 7.37 7.12 7.04 7.12 7.03 6.58 6.90 6.56 6.67 
J 5.25 6.68 7.12 7.19 7.12 7.07 7.14 7.29 6.65 6.95 6.93 6.65 
K 5.25 6.73 7.17 7.21 7.21 7.15 7.38 7.19 6.63 7.13 7.00 7.08 
L 5.25 6.74 7.14 7.08 7.09 7.22 7.13 7.07 6.70 6.88 7.10 6.77 
M 7 6.75 7.22 7.15 7.07 7.01 7.01 7.12 6.53 6.92 6.85 6.82 
N 7 6.76 7.17 7.08 7.04 7.02 7.05 7.10 6.50 7.01 7.00 6.52 
O 7 6.80 7.23 7.20 7.14 7.00 7.02 7.11 6.56 6.93 6.95 6.65 
P 8.75 6.86 7.36 7.16 7.06 7.10 7.04 7.18 6.52 6.89 6.80 6.70 
Q 8.75 6.78 7.20 7.14 7.23 7.18 7.18 7.20 6.50 6.82 7.00 6.58 
R 8.75 6.81 7.04 7.23 7.09 7.13 7.00 7.17 6.58 6.77 6.65 6.67 
 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 6.54 6.71 6.76 6.58 7.09 7.42 6.97 6.71 6.71 6.56 
B 0 6.52 7.00 6.67 6.86 6.97 7.30 7.05 6.83 6.83 6.54 
C 0 6.53 6.80 6.92 6.88 6.89 7.33 6.91 6.78 6.78 6.52 
D 1.75 6.80 6.62 6.76 6.52 6.67 7.30 7.05 6.71 6.71 6.68 
E 1.75 6.56 6.61 6.57 6.51 6.62 7.18 6.85 6.56 6.56 6.51 
F 1.75 6.57 6.58 6.70 6.68 6.52 7.28 6.96 6.72 6.72 6.7 
G 3.5 6.65 6.67 6.62 6.64 6.60 7.08 6.94 6.94 6.94 6.63 
H 3.5 6.97 6.60 6.52 6.57 6.67 7.16 7.03 7.01 7.01 6.65 
I 3.5 6.94 6.63 6.67 6.63 6.56 6.98 6.70 6.67 6.67 6.55 
J 5.25 6.53 6.73 6.71 6.85 6.53 6.84 6.75 6.61 6.61 6.5 
K 5.25 6.63 6.72 6.74 6.50 6.65 7.05 6.80 6.65 6.65 6.55 
L 5.25 6.62 6.74 6.81 6.68 6.67 7.29 6.70 6.86 6.86 6.51 
M 7 6.59 6.50 6.42* 6.58 6.59 6.67 6.61 6.52 6.52 6.56 
N 7 6.51 6.50 6.55 6.58 6.64 6.92 6.21 6.56 6.56 6.55 
O 7 6.62 6.54 6.56 6.64 6.52 7.01 6.91 6.63 6.63 6.57 
P 8.75 6.82 6.50 6.67 6.62 6.67 6.73 6.75 6.71 6.71 6.56 
Q 8.75 6.50 6.43* 6.64 6.63 6.64 6.85 6.58 6.56 6.56 6.5 
R 8.75 6.54 6.40* 6.43* 6.57 6.52 6.69 6.85 6.63 6.63 6.54 
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Table 2. Measured oxidation-reduction potential (mV) for each date. Values outside targeted range are 
indicated by (*). MLR = nominal nutrient amendment mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 -118 -88 -165 -276* -278* -159 -64 -81 -59 nr -204 
B 0 -58 -151 -214 -150 -165 -190 -149 -211 -208 nr -202 
C 0 -68 -87 -170 -186 -185 -185 -130 -132 -126 nr -86 
D 1.75 -55 -193 -133 -215 -206 -228 -162 -237 -180 nr -159 
E 1.75 7* -145 -54 -250 -247 -150 -87 -244 -162 nr -120 
F 1.75 -88 -118 -167 -173 -228 -165 -60 -94 -178 nr -231 
G 3.5 -61 -191 -163 -114 -182 -169 -76 -197 -165 nr -113 
H 3.5 -77 -138 -188 -32 -250 -96 -26 -153 -160 nr -116 
I 3.5 -111 -103 -49 -102 -137 -171 -32 -151 -115 nr -44 
J 5.25 -58 -160 -108 -210 -220 -90 -136 -130 -131 nr -93 
K 5.25 -133 -6 -50 -223 -220 -185 -139 -179 -158 nr -165 
L 5.25 -33 -64 -212 -111 -135 -98 -128 -58 -132 nr -132 
M 7 -51 -128 -193 -255* -251* -198 -72 -221 -234 nr -232 
N 7 40* -3 -43 -246 -242 -186 -85 -162 -215 nr -119 
O 7 -53 -133 -205 -264* -266* -165 -50 -150 -108 nr -123 
P 8.75 -129 -118 -59 -252* -226 -170 -55 -194 -151 nr -114 
Q 8.75 -121 -154 -45 -181 -196 -136 -102 -131 -92 nr -101 
R 8.75 -166 -140 -174 -198 -180 -130 -52 -150 -135 nr -148 
nr = not reported due to instrument error 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 -161 -121 -150 -94 -196 -58 -56 -76 -76 -190 
B 0 -216 -184 -217 -198 -202 -184 -175 -190 -190 -205 
C 0 -109 -65 -80 -76 -189 -182 -21 -91 -91 -89 
D 1.75 -237 -219 -207 -225 -207 -210 -205 -283* -283* -211 
E 1.75 -244 -230 -195 -198 -60 -230 -250 -256* -256* -250 
F 1.75 -165 -147 -158 -140 -146 -148 -165 -167 -167 -170 
G 3.5 -209 -245 -206 -191 -215 -122 -237 -255* -255* -240 
H 3.5 -212 -159 -25 -183 -124 -173 -182 -189 -189 -182 
I 3.5 -198 -176 -178 -205 -150 -165 -220 -116 -116 -126 
J 5.25 -128 -70 -134 -156 -145 -165 -200 -213 -213 -112 
K 5.25 -130 -116 -62 -145 -85 -190 -143 -145 -145 -158 
L 5.25 -160 -88 -64 -70 -100 -60 -80 -117 -117 -94 
M 7 -239 -231 -210 -222 -226 -230 -240 -235 -235 -224 
N 7 -63 -208 -114 -132 -135 -165 -182 -199 -199 -192 
O 7 -125 -138 -77 -132 -154 -111 -157 -169 -169 -134 
P 8.75 -77 -70 -146 -160 -180 -190 -170 -201 -201 -203 
Q 8.75 -103 -77 -151 -170 -156 -141 -161 -166 -166 -200 
R 8.75 -118 -70 -85 -140 -55 -120 -150 -170 -170 -173 
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Table 3. Measured dissolved oxygen concentrations (mg/L) for each date. MLR = nominal nutrient 
amendment mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 2.6 3.7 3.0 1.3 0.5 0.6 1.1 5.6 4.0 5.6 9.8 
B 0 3.7 2.9 2.4 1.6 1.4 2.5 2.6 5.4 3.5 7.4 10.2 
C 0 4.7 3.3 2.4 1.6 1.2 2.0 1.5 5.5 3.8 7.7 9.8 
D 1.75 3.3 3.8 2.2 2.5 2.0 1.8 0.8 5.2 3.0 3.3 7.0 
E 1.75 2.0 2.4 2.0 2.0 2.0 1.7 0.8 5.1 3.1 3.0 8.2 
F 1.75 2.3 2.3 2.9 2.0 1.4 1.6 1.0 4.3 2.5 5.7 7.6 
G 3.5 2.1 2.1 2.5 2.3 1.8 2.0 0.4 4.1 2.1 4.3 7.8 
H 3.5 2.4 1.9 0.8 1.8 2.7 2.0 0.5 5.4 2.6 4.4 6.8 
I 3.5 1.9 1.1 1.0 1.0 2.3 0.7 0.4 4.8 2.5 4.2 6.3 
J 5.25 2.6 3.7 3.0 1.7 1.7 2.0 1.7 5.5 1.7 5.0 4.8 
K 5.25 3.8 2.5 3.2 1.6 1.5 1.0 1.5 5.4 3.1 7.0 9.2 
L 5.25 3.3 2.9 2.8 1.7 1.3 0.8 1.2 5.0 3.3 4.5 8.4 
M 7 4.5 1.2 0.9 0.3 0.9 2.0 0.6 3.0 1.6 2.9 3.0 
N 7 4.4 1.8 2.0 0.3 1.0 1.7 1.0 3.7 2.6 3.3 5.2 
O 7 3.6 1.2 1.5 0.3 1.1 1.6 0.7 3.7 1.8 3.1 4.7 
P 8.75 3.8 1.0 2.3 0.3 0.3 0.4 1.7 3.2 1.2 2.7 0.9 
Q 8.75 4.9 1.0 1.5 0.7 0.3 0.3 2.9 1.0 1.4 0.9 2.8 
R 8.75 3.1 1.2 1.2 2.3 0.6 0.6 0.2 2.7 1.8 1.0 1.3 
 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 8.6 4.3 9.7 4.8 11.1 8.3 5.6 2.0 2 2.3 
B 0 6.0 7.0 9.6 5.6 12.0 10.2 6.4 4.3 4.3 3 
C 0 4.6 7.9 9.2 4.0 11.4 8.1 4.9 3.2 3.2 4 
D 1.75 3.9 2.0 8.3 1.0 7.6 3.2 7.0 2.5 2.5 1.5 
E 1.75 8.0 2.0 10.7 2.2 8.6 7.8 6.0 1.3 1.3 1 
F 1.75 4.3 6.5 8.3 1.5 10.1 3.3 5.8 2.4 2.4 3.6 
G 3.5 2.3 2.7 7.6 1.0 6.5 3.7 4.5 1.3 1.3 2.5 
H 3.5 3.3 3.9 7.3 1.3 8.2 2.5 4.0 0.5 0.5 1.9 
I 3.5 2.8 3.1 7.0 1.5 9.7 3.6 3.7 2.3 2.3 2.2 
J 5.25 2.2 4.0 5.8 0.8 5.58 1.7 2.0 1.0 1 4.4 
K 5.25 4.1 3.7 7.8 1.0 6.8 3.9 4.4 0.9 0.9 2 
L 5.25 6.3 3.8 7.5 1.9 11.0 1.2 6.0 0.8 0.8 2.5 
M 7 1.2 4.2 1.8 1.9 0.7 1.3 2.8 0.8 0.8 2.9 
N 7 2.4 3.9 5.1 0.8 1.5 1.4 0.7 0.7 0.7 2.4 
O 7 2.4 2.0 0.9 0.9 4.7 1.8 3.0 1.6 1.6 2.3 
P 8.75 0.4 0.7 2.6 0.5 2.2 0.7 2.0 0.5 0.5 1.9 
Q 8.75 1.6 1.8 4.0 0.7 5.3 2.3 1.0 1.2 1.2 1 
R 8.75 0.7 2.2 3.7 0.9 4.0 0.8 0.5 0.6 0.6 2 
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Table 4. Selenium concentration (µg/L) in CWTS inflow and outflow. MLR = nominal nutrient 
amendment mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 18.4 14.6 4.4 4.5 2.9 35.5 12.5 24.4 40.6 32.9 42.6 
B 0 16.3 19.0 9.5 5.2 6.7 24.8 20.7 20.7 36.5 34.5 40.6 
C 0 19.9 23.3 14.9 4.0 4.6 21.4 10.8 18.7 40.5 38.5 45.5 
D 1.75 6.2 11.1 3.8 5.5 3.4 33.5 7.7 9.9 25.2 23.3 31.6 
E 1.75 4.0 12.1 11.0 5.3 4.7 17.4 6.9 7.7 34.5 16.8 33.9 
F 1.75 6.4 29.4 5.4 6.9 3.2 8.9 6.5 10.4 30.0 30.1 32.8 
G 3.5 10.3 17.0 4.1 5.4 5.4 10.9 13.0 21.3 23.0 31.3 34.9 
H 3.5 21.5 14.2 9.2 8.6 4.5 13.0 10.4 19.6 16.1 24.3 38.3 
I 3.5 15.4 12.2 13.4 6.6 4.1 32.7 8.3 24.2 27.3 25.3 37.4 
J 5.25 9.4 12.1 5.7 4.6 2.8 8.1 5.4 6.3 22.5 12.0 30.2 
K 5.25 7.6 14.7 10.5 4.7 3.2 7.7 12.8 5.6 29.1 15.5 36.2 
L 5.25 12.8 15.1 11.4 2.5 2.8 8.1 9.7 11.7 29.3 33.4 35.5 
M 7 11.6 23.1 14.6 11.3 2.6 3.9 3.0 0.9 2.5 3.7 6.2 
N 7 20.5 15.2 10.2 7.7 2.1 3.3 4.0 3.7 6.5 4.1 30.6 
O 7 13.9 18.9 11.0 6.5 1.7 2.9 3.4 5.3 17.9 4.7 12.7 
P 8.75 13.2 19.5 6.0 12.5 2.4 2.2 3.3 1.0 2.7 4.7 5.2 
Q 8.75 13.4 21.7 9.5 nr Nr nr 4.1 0.8 4.8 4.4 12.8 
R 8.75 10.1 19.1 3.8 16.8 3.3 3.6 3.6 1.2 4.2 3.1 7.5 
nr = not reported due to malfunctioning nutrient-amendment delivery system 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 49.6 37.1 51.0 39.3 39.3 45.6 11.7 18.7 34.2 13.6 
B 0 nr 37.1 50.2 46.6 44.4 47.3 13.1 20.4 24.6 20.1 
C 0 43.7 40.5 55.0 44.7 40.3 48.4 10.9 25.1 27 11.2 
D 1.75 23.8 22.5 42.0 31.1 29.3 39.0 8.3 9.7 10.1 17.8 
E 1.75 23.4 33.7 35.1 21.9 35.8 44.7 10.4 13.8 12.7 20 
F 1.75 19.0 28.0 45.5 37.9 40.7 36.1 6.5 11.6 32.4 14.9 
G 3.5 18.3 25.6 26.3 13.3 30.7 28.3 2.3 3.4 9.7 11.5 
H 3.5 25.3 37.1 37.0 12.7 25.0 40.8 1.5 5.6 21.8 18.5 
I 3.5 19.2 20.8 37.6 21.6 37.1 43.6 2.6 6.7 13.7 24.1 
J 5.25 21.5 30.6 46.5 12.2 14.7 34.9 7.0 6.3 20.3 12.2 
K 5.25 23.9 29.3 39.6 19.5 30.8 36.1 3.7 5.2 13.5 12.3 
L 5.25 17.0 27.2 30.4 25.0 34.5 51.9 11.5 11.9 19.9 9.8 
M 7 8.8 22.8 20.2 13.6 5.0 26.0 11.7 5.2 5 17.9 
N 7 22.5 34.4 45.0 12.9 9.7 12.7 7.6 6.8 4.5 23.6 
O 7 6.1 27.9 6.2 8.1 20.2 35.6 5.6 5.6 4.9 22.3 
P 8.75 10.9 22.2 11.9 19.4 2.8 12.6 8.3 5.3 6.7 21.8 
Q 8.75 14.7 26.9 23.7 13.7 19.8 41.9 10.4 6.1 14.3 12.1 
R 8.75 6.2 17.3 27.3 6.5 10.4 5.8 6.5 3.4 4.7 15.2 
nr = not reported due to instrument error 
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Table 5. Removal efficiencies (% removal) calculated using Equation 1. MLR = nominal nutrient 
amendment mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 63.8 70.8 90.6 90.3 93.3 31.5 77.1 42.7 19.1 42.2 11.6 
B 0 67.8 62.0 79.5 88.8 84.7 52.2 62.1 51.2 27.2 39.4 15.8 
C 0 60.8 53.3 67.9 91.3 89.6 58.7 80.3 56.1 19.3 32.3 5.6 
D 1.75 87.4 77.0 91.5 87.7 92.1 33.2 85.4 75.8 47.9 57.6 32.1 
E 1.75 91.9 74.9 75.5 88.2 88.9 65.2 86.9 81.3 28.8 69.4 27.2 
F 1.75 87.0 39.1 88.1 84.6 92.3 82.2 87.8 74.8 38.0 45.2 29.5 
G 3.5 78.2 63.5 90.7 87.5 86.8 77.4 74.6 46.4 50.8 41.1 22.4 
H 3.5 54.5 69.6 78.9 80.0 88.9 73.1 79.6 50.6 65.7 54.2 14.9 
I 3.5 67.4 73.8 69.3 84.6 90.0 32.4 83.6 39.2 41.7 52.4 16.9 
J 5.25 79.4 73.2 86.4 89.0 92.8 82.7 89.1 83.6 50.3 76.7 30.6 
K 5.25 83.5 67.4 74.9 88.7 92.0 83.6 74.1 85.3 35.7 69.8 16.8 
L 5.25 72.2 66.6 72.9 94.0 92.9 82.7 80.4 69.7 35.4 35.0 18.5 
M 7 74.0 47.1 64.1 72.1 93.3 91.4 93.8 97.5 94.3 92.6 85.3 
N 7 53.7 65.3 74.9 81.0 94.4 92.8 91.6 90.1 85.2 91.8 27.4 
O 7 68.7 56.7 73.0 83.9 95.6 93.6 92.8 85.8 59.1 90.6 69.9 
P 8.75 69.2 54.0 84.7 68.2 93.6 95.1 92.9 97.2 93.6 90.3 87.3 
Q 8.75 68.8 48.9 75.9 Nr Nr Nr 91.1 97.9 88.6 90.9 68.7 
R 8.75 76.5 55.0 90.3 57.1 91.2 91.7 92.3 96.6 90.2 93.6 81.7 
nr = not reported due to malfunctioning nutrient-amendment delivery system 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 4.4 14.3 8.8 29.7 19.6 8.1 76.9 66.8 41.7 76.5 
B 0 nr 14.3 10.2 16.6 9.2 4.6 74.1 63.8 58.1 65.3 
C 0 15.8 6.5 1.6 20.0 17.6 2.4 78.5 55.5 54.0 80.7 
D 1.75 52.5 46.2 22.2 42.4 37.9 18.6 83.0 82.2 82.2 68.2 
E 1.75 53.3 19.4 35.0 59.4 24.2 6.7 78.7 74.7 77.6 64.2 
F 1.75 62.1 33.0 15.7 29.8 13.8 24.6 86.7 78.7 42.8 73.3 
G 3.5 62.3 36.7 49.6 74.5 32.7 38.9 95.1 93.5 82.3 78.7 
H 3.5 47.9 8.2 29.1 75.7 45.2 11.9 96.8 89.4 60.2 65.8 
I 3.5 60.4 48.5 27.9 58.6 18.7 5.8 94.5 87.3 75.0 55.4 
J 5.25 54.1 21.8 7.9 75.8 66.7 22.1 84.7 87.6 61.7 76.7 
K 5.25 49.0 25.1 21.6 61.4 30.3 19.4 91.9 89.8 74.5 76.5 
L 5.25 63.7 30.5 39.8 50.5 21.9 -15.8 74.8 76.6 62.5 81.3 
M 7 80.6 39.8 58.7 72.2 88.3 40.1 73.6 89.5 90.3 64.7 
N 7 50.5 9.2 8.0 73.6 77.3 70.7 82.8 86.2 91.2 53.4 
O 7 86.6 26.4 87.3 83.4 52.8 18.0 87.4 88.7 90.5 56.0 
P 8.75 75.2 39.6 74.9 59.1 93.3 70.1 80.7 88.9 86.5 55.6 
Q 8.75 66.6 26.8 50.0 71.1 52.3 0.4 75.8 87.3 71.3 75.4 
R 8.75 85.9 52.9 42.4 86.3 74.9 86.2 84.9 92.9 90.6 69.1 
nr = not reported due to instrument error 
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Table 6. Temperature and precipitation data for 96-hour HRT prior to sample date 
Sample Date Mean HRT 
Temp. (deg. C) 
HRT Precip. 
(cm) 
5/26/2011 21 0 
6/13/2011 27 0.9 
6/28/2011 27 1.8 
 7/13/2011 27 1.9 
7/28/2011 29 0 
8/20/2011 28 0.3 
9/1/2011 26 0 
9/16/2011 22 0 
10/6/2011 19 0 
10/20/2011 17 1.8 
11/3/2011 11 1.5 
11/17/2011 12 2.9 
12/2/2011 10 5 
12/16/2011 13 0 
1/13/2012 9 1.5 
1/31/2012 7 0 
2/17/2012 10 0.4 
3/3/2012 16 4.7 
3/26/2012 18 0 
4/16/2012 17 0 
5/1/2012 23 0 
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Table 7. R
2
 values and slope* of best-fit lines for comparison of mean removal efficiency to mean HRT 
temperature and mean removal efficiency to total HRT precipitation for all treatment groups. 
Treatment 
Group 
R
2
 (Temp. 
Comparison) 
Slope (Temp. 
Comparison) 
R
2
 (Precip. 
Comparison) 
Slope (Precip. 
Comparison) 
Control 0.67 3.28 0.23 -2.75 
1.75 mg/min 0.56 2.58 0.01 -1.22 
3.5 mg/min 0.35 1.96 0.00 -0.09 
5.25 mg/min 0.54 2.63 0.02 -2.37 
7 mg/min 0.18 1.12 0.15 -4.60 
8.75 mg/min 0.18 1.07 0.07 -3.06 
            *Units of slope for temperature comparison are °C-1. Units of slope for precipitation comparison are cm-1. 
 
 
 
 
 
Table 8. R
2
 values and slope* of best-fit lines for comparison of DO concentration to mean HRT 
temperature for all treatment groups. 
Treatment 
Group 
R
2 
Slope 
Control 0.69 -0.35 
1.75 mg/min 0.36 -0.21 
3.25 mg/min 0.34 -0.18 
5.25 mg/min 0.32 -0.18 
7 mg/min 0.20 -0.07 
8.75 mg/min 0.06 -0.04 
*Units of slope are mg/(L°C) 
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Table 9. Removal rate coefficients (d
-1
) calculated using Equation 2. MLR = nominal nutrient amendment 
mass loading rate (mg/min). 
CWTS 
ID 
MLR 
 
5/26 
2011 
6/13 
2011 
6/28 
2011 
7/13 
2011 
7/28 
2011 
8/20 
2011 
9/1 
2011 
9/16 
2011 
10/6 
2011 
10/20 
2011 
11/3 
2011 
A 0 0.253 0.308 0.590 0.583 0.679 0.095 0.369 0.139 0.053 0.137 0.095 
B 0 0.284 0.242 0.398 0.547 0.470 0.185 0.242 0.180 0.079 0.125 0.084 
C 0 0.234 0.191 0.285 0.612 0.564 0.221 0.405 0.205 0.053 0.098 0.056 
D 1.75 0.525 0.376 0.627 0.533 0.640 0.109 0.490 0.364 0.172 0.223 0.182 
E 1.75 0.635 0.355 0.361 0.542 0.559 0.273 0.517 0.427 0.093 0.305 0.263 
F 1.75 0.517 0.133 0.539 0.476 0.655 0.441 0.532 0.352 0.128 0.159 0.118 
G 3.5 0.398 0.270 0.608 0.537 0.524 0.390 0.359 0.173 0.195 0.149 0.108 
H 3.5 0.214 0.315 0.406 0.421 0.569 0.346 0.415 0.193 0.284 0.213 0.171 
I 3.5 0.298 0.353 0.312 0.487 0.593 0.115 0.471 0.141 0.152 0.203 0.161 
J 5.25 0.421 0.355 0.525 0.577 0.688 0.464 0.578 0.477 0.200 0.389 0.348 
K 5.25 0.474 0.306 0.373 0.572 0.655 0.477 0.363 0.507 0.136 0.325 0.284 
L 5.25 0.344 0.299 0.352 0.730 0.688 0.464 0.432 0.322 0.134 0.133 0.092 
M 7 0.369 0.193 0.290 0.353 0.707 0.647 0.725 0.964 0.749 0.683 0.642 
N 7 0.226 0.298 0.380 0.448 0.760 0.689 0.653 0.610 0.511 0.658 0.616 
O 7 0.324 0.243 0.361 0.491 0.813 0.721 0.694 0.520 0.257 0.623 0.582 
P 8.75 0.336 0.235 0.512 0.327 0.727 0.790 0.702 0.937 0.730 0.623 0.582 
Q 8.75 0.333 0.209 0.398 nr nr nr 0.647 0.993 0.586 0.640 0.598 
R 8.75 0.403 0.241 0.627 0.253 0.647 0.667 0.680 0.892 0.620 0.727 0.686 
nr = not reported due to malfunctioning nutrient-amendment delivery system 
Continued from above 
CWTS 
ID 
MLR 
(mg/min) 
11/16/11 12/2/11 
 
12/16/11 
 
1/13/12 
 
1/31/12 
 
2/17/12 
 
3/3/12 
 
3/26/12 
 
4/16/12 
 
5/1/12 
A 0 0.011 0.039 0.023 0.088 0.055 0.021 0.411 0.276 0.135 0.362 
B 0 nr 0.039 0.027 0.045 0.024 0.012 0.383 0.254 0.217 0.264 
C 0 0.043 0.017 0.004 0.056 0.048 0.006 0.429 0.202 0.194 0.411 
D 1.75 0.195 0.164 0.071 0.147 0.128 0.060 0.497 0.440 0.440 0.295 
E 1.75 0.199 0.063 0.116 0.234 0.078 0.026 0.441 0.352 0.383 0.266 
F 1.75 0.251 0.109 0.051 0.097 0.046 0.079 0.558 0.395 0.149 0.339 
G 3.5 0.261 0.131 0.188 0.359 0.116 0.140 0.818 0.702 0.450 0.404 
H 3.5 0.180 0.039 0.103 0.370 0.168 0.049 0.925 0.577 0.248 0.285 
I 3.5 0.249 0.183 0.099 0.238 0.069 0.032 0.787 0.533 0.364 0.219 
J 5.25 0.220 0.087 0.046 0.381 0.300 0.088 0.540 0.548 0.265 0.389 
K 5.25 0.194 0.098 0.086 0.263 0.116 0.079 0.699 0.596 0.367 0.387 
L 5.25 0.279 0.116 0.152 0.201 0.087 -0.011 0.415 0.389 0.270 0.444 
M 7 0.444 0.160 0.254 0.353 0.570 0.161 0.411 0.596 0.616 0.293 
N 7 0.209 0.058 0.054 0.367 0.404 0.341 0.519 0.529 0.642 0.224 
O 7 0.535 0.110 0.550 0.483 0.221 0.083 0.595 0.577 0.621 0.239 
P 8.75 0.390 0.167 0.387 0.265 0.715 0.343 0.497 0.591 0.543 0.244 
Q 8.75 0.315 0.119 0.215 0.352 0.226 0.042 0.441 0.556 0.353 0.391 
R 8.75 0.531 0.229 0.179 0.538 0.387 0.537 0.558 0.702 0.631 0.334 
nr = not reported due to instrument error 
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Table 10. R
2
 values and slope of best-fit lines for comparisons of removal rate coefficients to mean HRT 
temperature for all treatment groups. 
Treatment Group R
2
 Slope 
Control 0.55 0.019 
1.75 mg/min 0.48 0.018 
3.5 mg/min 0.18 0.012 
5.25 mg/min 0.48 0.018 
7 mg/min 0.10 0.009 
8.75 mg/min 0.07 0.009 
*Units of slope are °C-1*d-1 
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CHAPTER FOUR 
CONCLUSIONS 
Nutrient-amended CWTSs were capable of reducing aqueous concentrations of Se 
from 50 μg/L to less than 5 μg/L, meeting the USEPA chronic water criterion for Se 
(USEPA, 2002; 2004). Although similar removal efficiencies have been achieved in 
engineered bioreactors (Cantafio et al., 1996) few previous studies (Spacil et al., 2011a, 
b) have measured Se removal in wetlands from concentrations of 50 to less than 5 µg 
Se/L. Nutrient-amended CWTSs may provide industry with a viable technology to treat 
waters containing elevated levels of Se. Se removal efficiency was found to be positively 
correlated with nutrient amendment loading. No samples meeting the 5 µg/L Se 
concentration goal were outside of both targeted dissolved oxygen (DO) concentrations 
and redox potential, confirming that DO concentrations of 2 mg/L or less and negative 
oxidation-reduction potential promote removal of Se to concentrations below 5 µg/L.  
Successful treatment of Se in CWTSs is contingent upon the maintenance of 
targeted DO concentration, redox potential, and pH conditions in the systems. Because 
the majority of Se reduction occurs in the sediments, it is recommended that future 
CWTSs be amended with nutrient amendment applied directly to the sediment. A 
nominal 4-day HRT was used in this study. The implementation of a longer HRT may 
result in increased CWTS Se removal performance. Nutrient amendment mass loading 
rate is a key design parameter when using CWTSs for remediation of waters containing 
elevated concentrations of Se. The minimum concentration of AquaSmart
TM
 tested in this 
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study that consistently achieved removal of Se from 50 µg/L to less than 5 µg/L was 205 
mg/L (7 mg/min AquaSmart
TM
 mass loading rate).  
Seasonal temperature change greatly impacted Se removal in the pilot-scale 
CWTSs studied. Selenium removal performance decreased in CWTSs without nutrient 
amendment as temperature decreased. Nutrient-amended CWTSs achieved higher Se 
removal efficiency and were more resilient to decreased temperature than un-amended 
CWTSs. Addition of nutrient amendment to CWTSs contributes to maintaining low 
dissolved oxygen concentration, which is favorable for growth of Se-reducing bacteria. 
The high rates (maximum=0.993 d
-1
) of Se removal, temperature dependence of Se 
removal, and presence of culturable SRMCs in the CWTSs for this study suggest that 
dissimilatory reduction is the primary pathway of Se removal. Nutrient amendment 
addition provides nutrients and energy to Se-reducing bacteria allowing for Se reduction 
to continue through the winter months. Measured precipitation during this study did not 
correlate strongly to Se removal in CWTSs. Nutrient-amended CWTSs can achieve 
greater than 90% Se removal efficiency, and outflow concentrations of  5 µg/L in 
nutrient-amended CWTSs subject to natural seasonal variations. This research provides 
data regarding nutrient amendment mass loading rate and DO concentration that could be 
applied to the design of field-scale CWTSs constructed to remediate waters containing 
elevated concentrations of Se. 
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APPENDIX A 
Representative Calibration Curve for ICP-MS Selenium Analysis 
 
 
Figure A.1: Representative calibration curve for ICP-MS selenium analysis. Se concentration (µg/L) is on 
x-axis. Counts per second detected by the ICP-MS are on y-axis. Correlation Coefficient for this analysis 
was 0.999976. 
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APPENDIX B 
Table B.1: Number of SRMC per mL sediment pore water  
CWTS ID MLR  7/28/11 9/16/11 11/16/11 1/13/12 3/3/12 3/26/12 
A 0 1603 962 4808 5128 3205 2885 
A 0 3846 3846 2564 4167 2244 2244 
A 0 3526 321 4808 962 3846 4487 
B 0 2885 6410 8333 6090 2564 1282 
B 0 2885 5769 6410 3205 1603 5769 
B 0 3205 962 4808 1603 1603 2244 
C 0 3846 7051 3205 641 5449 962 
C 0 4487 7692 962 5769 7051 321 
C 0 4808 2885 641 5449 3846 3205 
D 1.75 3526 7372 1282 2244 4167 2244 
D 1.75 3846 11859 3526 5769 4487 962 
D 1.75 4808 6410 2885 3846 3846 1603 
E 1.75 3846 8013 2244 6731 3205 641 
E 1.75 1923 9615 4167 641 2885 2564 
E 1.75 1603 6410 4808 6090 3846 321 
F 1.75 3205 2564 8333 2564 1923 1603 
F 1.75 1282 2244 13782 3205 5769 1923 
F 1.75 2564 3846 8974 4808 8333 2564 
G 3.5 5449 7051 641 9936 4808 321 
G 3.5 7692 5128 1603 1603 7692 3205 
G 3.5 4167 8333 962 2885 11859 4808 
H 3.5 4808 962 1603 3846 5128 1923 
H 3.5 2564 321 3846 641 3205 2564 
H 3.5 1282 321 1603 3205 5769 6090 
I 3.5 3526 641 4808 8654 3205 1282 
I 3.5 4487 2564 4487 6410 1282 1923 
I 3.5 3846 1603 2244 4808 2244 1603 
J 5.25 962 13462 4487 7051 3526 3526 
J 5.25 8013 14423 5769 3205 6410 1282 
J 5.25 2885 6090 3526 6410 3205 641 
K 5.25 2564 10577 11859 962 7051 1923 
K 5.25 3205 7372 8974 7372 8974 4808 
K 5.25 2564 9936 10256 5449 4167 5128 
L 5.25 5769 12179 5128 8333 3526 4167 
L 5.25 4167 10256 3846 6410 10256 1603 
L 5.25 2564 9936 7051 4487 5769 3205 
M 7 2885 1923 6090 641 7372 2564 
M 7 3205 2885 2885 3846 6090 641 
M 7 2885 3846 4487 641 7692 2885 
N 7 1923 8974 5128 1603 4487 7051 
N 7 2244 9295 5449 962 4808 3526 
N 7 962 11538 5769 5769 8013 4808 
O 7 4487 5769 7051 321 7051 3205 
O 7 1603 6410 1923 9615 3526 5128 
O 7 2564 7372 7692 8654 5449 5449 
P 8.75 2244 10897 7051 9936 10256 1603 
P 8.75 2885 7051 3526 962 8013 2564 
P 8.75 1923 8333 6410 7372 6090 5128 
Q 8.75 5769 6410 3205 1603 2564 321 
Q 8.75 2244 5128 6410 7372 6090 1923 
Q 8.75 3205 7692 7372 5449 3846 641 
R 8.75 2885 8974 4487 3526 4487 3205 
R 8.75 4487 9615 3205 1603 4808 641 
R 8.75 5128 6410 5769 5128 7692 321 
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APPENDIX C 
Standard Operating Procedures 
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METHOD FOR MEASURING OXIDATION-REDUCTION POTENTIAL OF 
HYDROSOIL IN A CONSTRUCTED WETLAND TREATMENT SYSTEM 
Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, John H. Rodgers Jr. 
1.0 OBJECTIVE  
Oxidation and reduction (redox) reactions mediate the behavior of many chemical constituents in 
wastewaters. The reactivities and mobilities of important elements in biological systems, as well 
as those of a number of other metallic elements, depend strongly on redox conditions. Like pH, 
Eh (redox) represents an intensity factor; it does not characterize the capacity of the system for 
oxidation or reduction. Measurements are made by potentiometric determination of electron 
activity (or intensity) with an inert indicator electrode and a suitable reference electrode. 
Electrodes made of platinum are most commonly used for Eh measurements. This protocol 
describes the method used to measure redox in the hydrosoil of a constructed wetland treatment 
system. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all times. 
3.0 PERSONNEL/TRAINING/RESPONSIBILITES 
Any graduate research assistant familiar with the equipment and laboratory techniques and 
trained in this and referenced SOPs may perform this procedure. 
4.0 REQUIRED MATERIALS 
4.1 Supplies 
Potassium ferrocyanide K4Fe(CN)6•3H2O 
Potassium ferricyanide, K3Fe(CN)6 
Potassium chloride, KCl 
 
4.2 Equipment 
pH or millivolt meter 
Reference electrode 
Oxidation-reduction indicator electrode 
Beakers 
Magnetic Stirrer 
 
5.0 PROCEDURE 
Prepare ZoBell’s standard redox solution by adding 1.4080 g potassium ferrocyanide, 1.0975 g 
potassium ferricyanide and, 7.4555 g potassium chloride to 1000 mL of Milli-Q water at 25°C. 
These measurements must be as accurate as possible to result in a reliable solution. When stored 
in dark plastic bottles in a refrigerator, this solution is stable for several months. 
Follow the manufacturer’s instructions for using the pH/millivolt meter and in preparing 
electrodes for use. Immerse the reference electrode connected to the millivolt meter and the redox 
indicator electrode (platinum tip end) in the gently stirred, standard solution in a beaker. Connect 
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the millivolt meter to the end of the indicator electrode opposite the platinum tip. Allow several 
minutes for electrode equilibrium then record the reading to the nearest millivolt. If the reading is 
within +10 mV from the theoretical redox standard value at 25°C (+183 mV), record the reading. 
The indicator electrode is ready for placement in the hydrosoil. If the reading is not within +10 
mV, the indicator electrode must be remade. 
Place the indicator electrode’s platinum tip into the sediment making certain it is not near the 
plant roots. Secure the electrode with cable ties. Allow the electrode to equilibrate for 24 hours 
prior to taking any readings. When measuring the redox potential of the hydrosoil place the 
reference electrode in the same water column as the probe. Connect the millivolt reader to the end 
of the indicator electrode opposite the platinum tip. Record the redox potential in mV. Repeat a 
second time by placing the reference electrode in another location. Successive reading s that vary 
less than +10 mV over 10 minutes are adequate for most purposes. Adjust the reading according 
to field corrections and electrode calibration corrections. 
Example: The field measurement of a hydrosoil was -206 mV. When the electrode was initially 
calibrated in the lab, the redox reading was +193mV, which is +10mV different from the 
theoretical redox standard value of +183 mV. The field redox measurement must be corrected for 
this difference by subtracting 10 mV from -206 mV. This gives a redox measurement of -216 
mV. The standard correction factor for field redox measurements for the millivolt reader is +240 
mV. Therefore, this correction factor is added to the redox measurement of -2216 mV to yield a 
final redox measurement of +24 mV.  
Ehsystem = Ehobserved - Ehreference observed + Ehfield correction 
Ehsystem = -206mV + 183mV - 193mV + 240mV 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
All procedures are subject to review by the Quality Assurance Unit. 
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METHOD FOR MEASURING GENERAL WATER QUALITY PARAMETERS: pH, 
DISSOLVED OXYGEN, CONDUCTIVITY, TEMPERATURE, ALKALINITY, AND 
HARDNESS 
Brenda M. Johnson, Laura E. Ober, John H. Rodgers, Jr. 
1.0 OBJECTIVE 
The purpose of this protocol is to measure various general water quality parameters. 
Parameters such as pH, dissolved oxygen (DO), conductivity, temperature, alkalinity, and 
hardness are fundamental water quality parameters and are necessary for all water chemistry 
related studies. 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques and 
trained in this and referenced SOPs may perform this procedure. 
4.0 REQUIRED MATERIALS 
4.1 Reagents 
Reagent:                Test: 
Milli-Q water               all tests 
pH buffers (4,7,&10)              pH, 
alkalinity 
0.02 N standard sulfuric acid solution (H2SO4)           alkalinity 
Eriochrome Black T indicator             hardness 
Standard EDTA titrant (0.01M, 0.02N)            hardness 
Buffer solution (Reference Standard Methods 2340C)          hardness 
  
 
4.2 Supplies 
Supply:                Test: 
Graduated cylinder               alkalinity, 
hardness 
100-mL beakers               all tests 
Magnetic stir bar               alkalinity, 
hardness 
50-mL burette and stand              alkalinity, 
hardness 
 
4.3 Equipment 
Orion-model 420A pH Meter 
YSI 500 Dissolved Oxygen Meter 
YSI 30 Salinity, Conductivity, and Temperature Meter 
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Magnetic stir plate 
 
5.0 PROCEDURE 
5.1 pH 
1. Calibrate the Orion Model 420A pH Meter using standard pH buffers 4, 7, and 
10. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Remove the small blue rubber stopper from the probe 
4. Submerge the tip of the probe in the sample and gentle stir the sample with the 
probe or use a magnetic stir-bar. 
5. When the pH meter beeps, record reading. 
6. Rinse probe with milli-Q water and return to holder. 
 
5.2 Dissolved Oxygen (DO)/Temperature 
1. Calibrate the YSI 500 Dissolved Oxygen Meter. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Completely submerge the tip of the probe in the sample and turn on the mixer. 
4. When the DO meter beeps, record DO in mg/L (a “*” should also appear by the 
mg/L and the % symbol). Also record the temperature to a tenth pH to a tenth of 
a degree (i.e. 20.1°C). 
5. Rinse probe with milli-Q water and return to holder. 
 
5.3 Conductivity 
1. Turn on the YSI 30 Salinity, Conductivity, and Temperature Meter. 
2. Rinse probe with milli-Q water to remove any prior contaminant. 
3. Submerge the probe in the sample and gently stir the sample with the probe. 
4. When the conductivity reading has stabilized the conductivity will record in 
(mS/cm and temperature in degrees Celsius. 
5. Rinse probe with milli-Q water and return to holder. 
6. When finished turn off the meter 
 
5.4 Alkalinity 
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 
100-mL beaker with a magnetic stir-bar. 
2. Place sample beaker on magnetic stir-plate. Turn on stir-plate to begin mixing 
sample. 
3. Calibrate pH meter. Place probe in the appropriate stand, with the tip completely 
submerged in the sample water. (Make sure the stir-bar does not hit the pH 
probe). 
4. Record the initial level of titrant (0.02 N H2SO4) in the burette (fill burette as 
necessary). 
5. Slowly drip titrant into the sample, allowing time for the pH meter to stabilize. 
6. Titrate to pH 4.5. 
7. Record the volume (mL) of titrant used to reach the pH endpoint (pH=4.5). 
8. Calculate: Total Alkalinity (mg/L as CaCO3) = col. Titrant (mL)x 20 
9. Turn off stir-plate and discard sample. 
 
5.5 Hardness 
90 
 
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 
100-mL beaker with a magnetic stir-bar. (Dilutions can be made to conserve 
EDTA titrant, be sure to calculate dilutions into the final equation.) 
2. Add 2-5 mL of buffer solution (to give the sample a pH of 10.0-10.1). 
3. Add 2-4 drops of Eriochrome Black T Indicator. Sample should turn pink. 
4. Place sample beaker on magnetic stir-plate. Turn on plate to mix sample. 
5. Record the level of titrant (EDTA) in the burette (fill burette as necessary). 
6. Slowly drip titrant into the sample, allowing time for the color change to 
stabilize. 
7. Titrate until pink turns to a blue-green color. 
8. Record the volume of titrant (mL) used to reach the color change. 
9. Calculate: Hardness (mg/L CaCO3) = volume titrant (mL) x 20. 
10. Turn off stir-plate and discard sample. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
All procedures are subject to review by the Quality Assurance Unit. 
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METHOD FOR MEASURING SELENIUM CONCENTRATION USING INDUCTIVELY 
COUPLED PLASMA MASS-SPECTROMETER (ICP-MS) 
 
Peter Van Heest, Dr. Brian Powell 
 
1.0 OBJECTIVE 
The purpose of this protocol is to measure total selenium concentration in aqueous samples. 
 
2.0 HEALTH AND SAFETY 
Proper lab attire, including lab coat, gloves and safety glasses must be worn at all times. 
 
3.0 PERSONAL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques and 
trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
15-mL plastic centrifuge tubes 
20-mL plastic syringe 
0.45-µm syringe filters 
Pipette 
1-L plastic Nalgene bottle 
Multi-element standards containing Ag, Au, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, 
Pb, Sb, Se, Th, Tl, U, V, Zn, Cl, Ca, Fe, K, Mg, Na, P, S, and C.  
Trace-Metal Grade HNO3 
De-ionized (DI) water 
Tuning solution containing 10 ppb Li, In, U, Ce, and Be 
Internal standard solution containing Re and Sc 
 
4.2 Instrumentation 
Thermo Scientific X Series 2 ICP-MS 
 
5.0 PROCEDURE    
5.1 Sample Prep 
1. Filter 9.7 mL of aqueous samples through 0.45-µm syringe filters using one filter 
for each sample 
2. Collect each filtered sample in a 15 mL plastic centrifuge tube 
3. Add 0.3 mL of trace-metal grade HNO3 to filtered samples and cap tube 
5.2 ICP-MS Analysis 
1. Add 30 mL trace-metal grade HNO3 to 1 L DI water contained in 1 L plastic 
Nalgene bottle 
2. Create standards ranging from 0.005 to 100 µg/L by dilution of Multi-element 
standard in 20% HNO3 
3. Calculate concentrations of each element in each standard 
4. Verify that there is sufficient Argon supply for ICP-MS 
5. Turn on chiller 
6. Open Plasma Lab program on desktop computer 
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7. Select “Create new experiment” 
8. Select Rhenium and Scandium as reference elements 
9. In internal standard tab enter the calculated concentrations for each element in 
each internal standard 
10. In sample list, enter the 9 standards followed by the samples 
11. Enter a standard between every 4 samples 
12. Enter last 4 standards after the last sample on list 
13. Put both intakes into the Nalgene bottle containing 20% HNO3 
14. On menu select instrument then connect to auto-sampler 
15. Wait two minutes then place both intakes into the 10 ppb tuning solution 
containing Li, In, U, Ce and Be 
16. Set argon gas to level 5 
17. Adjust major settings to obtain Se counts of about 10 cps. Settings will vary for 
each analysis. 
18. Adjust nebulizer to obtain Ce/O ratio of 0.02 or less 
19. Place intake into internal standard solution containing Re and Sc 
20.  Place sample intake into auto-sampler arm 
21. Go to menu and select experiment. Press Queue then select Vacuum from pull-
down menu and select Append. 
22. The auto-sampler will run the program. When sampling is complete check that 
internal standard recoveries are within the 80% to 120% standard Quality 
Assurance/Quality Control (QA/QC) protocol for the instrument. 
 
 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
Internal standard recoveries must be within the 80% to 120% standard Quality Assurance/Quality 
Control (QA/QC) protocol for the instrument 
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METHOD FOR QANTIFYING SELENIUM REDUCING MICROBE COLONY 
ABUNDANCE 
Mike Spacil, Christina Ritter, Peter Van Heest 
1.0 OBJECTIVE 
The objective of this procedure is to determine the numbers of culturable selenium reducing 
microbe colonies (SRMCs) present in 1 mL of water gathered from the sediment/water interface.   
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all times. 
3.0 PERSONNEL/TRAINING/RESPONSIBILITES 
Any graduate research assistant familiar with the equipment and laboratory techniques and 
trained in this and referenced SOPs may perform this procedure. 
4.0 REQUIRED MATERIALS/EQUIPMENT 
4.1 Supplies 
15-mL sterile plastic centrifuge tubes 
AquaSmart
TM 
Simulated Water (DI water, MgSO4, CaCl2, NaCl, Na2SeO3)  
Beakers 
Stir Bar 
Erlenmeyer Flask 
0.45-µm gridded membrane filter 
GasPak
®
 packets 
2-L plastic bottles 
5-cm plastic sterile petri dish 
Tweezers 
Agar 
DI Water  
4.2 Equipment 
Autoclave 
Stir-plate/heater 
Sterile Vacuum Filter Assembly 
Bunsen burner 
Anaerobic Chamber 
Balance 
 
5.0 PROCEDURE 
 
5.1 Create Simulated Water 
For 500 mL simulated water 
1. Weigh 177.5 mg MgSO4, 102.5 mg CaCl2, 615 mg NaCl, and 0.11 mg Na2SeO3 
2. Mix salts into 500 mL DI water in 500 mL Erlenmeyer flask with stir bar 
3. Stir for 15 minutes until salts dissolve 
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5.2 Create Agar 
1. Add 7 g Agar to flask containing simulated water 
2. Add 100 mg AquaSmart to simulated water 
3. Cover flask with aluminum foil 
4. Heat on stir plate at heat setting 5 for 15 minutes and stir 
5. Fill two 2-L plastic bottles with DI water 
6. Transfer flask and plastic bottles to autoclave and set autoclave for 120 °C for 15 
minutes 
7. Remove flask from autoclave and put on stir plate for 20 minutes 
8. Remove bottles from autoclave and set aside covered 
9. Pour agar solution from flask (approximately 8 mL) into 5-cm plastic sterile petri 
dishes and cover dishes 
 
5.3 Sampling 
1. Using sterile 15-mL plastic centrifuge tubes collect water from sediment water 
interface 
 
5.4 Create SRMC culture 
1. Set up sterile vacuum filter assembly with 0.45-µm gridded membrane filter under air 
filter hood 
2. Add 50 mL of sterile DI water from plastic bottle to funnel 
3. Pipette 0.003 mL of sample into the 50 mL of sterile water swirl water in funnel 
gently (this volume yields a countable number of microbe colonies (Spacil, 2010) 
4. Filter water through sterile assembly 
5. Using tweezers sterilized in flame of Bunsen burner transfer filter membrane from 
filter assembly to agar containing petri dishes 
6. Place membrane face up on agar and cover 
7. Repeat process with other samples using sterilized tweezers and vacuum assembly 
8. Create 3 replicates of each sample 
 
5.5 Incubation 
1. Transfer petri dishes to sterile anaerobic chamber 
2. Place 3 GasPak® packets into chamber and seal chamber 
3. Leave chamber at room temperature for  48 hours 
4. After 48 hours loosen top of chamber to allow air to enter chamber while still 
covered 
5. Let petri dishes to remain in chamber for another 120 hours 
 
5.6 Quantification 
1. Remove petri dishes from chamber 
2. Visually identify SRMC based upon red to reddish-brown color 
3. Count number of SRMC per petri dish 
4. Divide number of SRMC in each dish by 0.003 to extrapolate the number of SRMC 
per mL of water from the sediment/water interface  
 
7.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
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All procedures are subject to review by the Quality Assurance Unit. 
8.0 REFERENCE 
Spacil, M.M. 2010. Constructed wetland treatment systems for risk mitigation of energy derived 
waters. (Master’s Thesis) Clemson University. 
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EXPERIMENTAL PROTOCOL FOR THE TESTING OF A SELENIUM SORPTIVE 
MATERIAL 
Alex Beebe, Jim Castle, John Rodgers, Peter Van Heest 
1.0 OBJECTIVE  
To determine the sorption isotherm for selenium in the presence of a proprietary sorptive 
material. 
6.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all times. 
7.0 PERSONNEL/TRAINING/RESPONSIBILITES 
Any graduate research assistant familiar with the equipment and laboratory techniques and 
trained in this and referenced SOPs may perform this procedure. 
8.0 REQUIRED MATERIALS 
8.1 Supplies 
Sorptive material 
1 g/L selenium standard 
Volumetric flasks 
Pipette 
6 300-mL BOD bottles 
Trace metal grade nitric acid 
 
8.2 Equipment 
Balance 
Autoclave 
ICP-MS 
 
5.0 PROCEDURE 
The distribution between known amounts of the sorptive material and selenium will be measured 
using a serial batch sorption experiment. To perform this experiment, 0.05, 0.1, 0.25, 0.5, 1, 2 and 
4 g of sorptive material will be added to 6 300-mL BOD bottles along with 300 mL of 50 μg/L 
selenium solution made by the dilution of 1g/L Se solution in water contained in a volumetric 
flask. The bottles are then sealed and placed in a dark area with a steady temperature for 7 days to 
allow equilibrium to occur. After 7 days, the concentration of selenium in the aqueous phase will 
be measured using a ICP-MS to determine equilibrium concentration. 
The data retrieved from the serial batch experiment may then be used to plot a sorption isotherm. 
This is done by plotting the equilibrium selenium solid mass fraction (Qe) versus the equilibrium 
selenium aqueous concentration (Ce). Qe is determined using the following equation: 
Qe=Vw(Co-Ce)/Ms 
Where Vw is equal to the volume of solution added to the BOD bottle, Co is equal to the initial 
concentration of selenium added to the bottle, and Ms is the mass of sorptive material added. The 
resulting isotherm may then be used to perform future experiments involving selenium portioning 
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mass balances. If the isotherm shows little difference between equilibrium concentrations of 
selenium in the 6 bottles, additional experiments may be performed using less mass of sorptive 
material. 
 
9.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
All procedures are subject to review by the Quality Assurance Unit 
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APPENDIX D 
Scanning Electron Microscope (SEM) Analysis Summary 
Sediment samples were collected from the top 2 cm of surface sediment in the 8.75 
mg/min treatment group and control group CWTSs by pushing a 15-mL plastic centrifuge 
tube into the sediment and removing a 2-cm deep core. The sediment samples were dried 
in an oven at 105°C for 6 hours. Samples were placed on cylindrical titanium slides and 
viewed with a Hitachi S-400N scanning electron microscope and were analyzed (whole 
sample) for selenium content with Energy Dispersive X-ray (EDX) mapping. The six 
analyzed samples of CWTS sediments did not yield measureable Se concentrations using 
EDX elemental mapping. Instrument detection limit for Se was approximately 0.5 % by 
mass. The SEM photo taken of the sediment in the 8.75 mg/min treatment group (Figure 
D.1) and elemental analysis (Table D.1) are representative of the results of the six 
analyzed samples.       
 
Figure D.1: SEM photo of CWTS sediment 
 
Table D.1: EDX elemental analysis results. Note that Se was not detected with EDX mapping. 
Element Weight% Atomic% 
C 15.07 23.02 
O 48.64 5.78 
Na 0.27 0.22 
Mg 0.30 0.23 
Al 4.13 2.81 
Si 22.43 14.65 
S 0.13 0.08 
K 1.35 0.64 
Ca 0.36 0.16 
Ti 0.22 0.08 
Fe 7.09 2.33 
Se 0.00 0.00 
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APPENDIX E 
Photos of CWTSs during Experiment 
 
May 2011     September 2011 
 
 
October 2011     February 2012 
Figure E.1: Photographs of CWTSs. Note change in plant stage indicated by browning of shoots. 
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APPENDIX F 
Screening Toxicity Test Summary 
Screening chronic (7 day) static-renewal reproduction and mortality toxicity tests 
using Ceriodaphnia dubia (C. dubia) were performed 3 times (initiated on 10/24/11, 
3/6/12, and 3/26/12) following the procedure of Lewis et al. (1994). Samples were 
collected from the outflow of the 8.75 mg/min treatment group, the inflow SCW, and the 
untreated control group. An additional control consisted of moderately hard (Mod Hard) 
laboratory water. ANOVA and Tukey analyses were performed on reproduction and 
mortality data to detect any significant differences between treatments (alpha=0.05). 
Results from the 10/24/11 toxicity tests indicated that there were no significant 
differences in C. dubia survival (Table F.1) between any of the groups (8.75 mg 
AquaSmart/min, untreated control (0 mg AquaSmart/min), inflow SCW, and Mod Hard 
water control). The inflow SCW group had significantly less reproduction than the other 
groups during the 10/24/11 analysis (Table F.2). Results from the 3/6/12 tests indicated 
that the inflow SCW group had significantly less survival than the other groups (Table 
F.3). The 8.75 mg AquaSmart/min, 0 mg AquaSmart/min, and inflow SCW groups had 
significantly less reproduction than the control Mod Hard water control group during the 
3/6/12 analysis; however, reproduction in the 8.75 mg AquaSmart/min group was 
significantly greater than in the inflow SCW group (Table F.3). The Mod Hard water 
control group did not have sufficient reproduction during the 3/26/12 test, and therefore 
results for the 3/26/12 test were not included in this analysis.  
Results from the 7-day static-renewal screening toxicity tests suggest that 
treatment of SCW in both the 8.75 mg AquaSmart/min and 0 mg AquaSmart/min groups 
resulted in significantly higher survival than the untreated SCW inflow during the 3/6/12 
test. Results also suggest that treatment of SCW in the 8.75 mg AquaSmart/min group 
resulted in significantly higher reproduction than the untreated inflow SCW during the 
10/24/11 and 3/6/16 tests. Additional toxicity experiments would need to be performed 
prior to construction of a field-scale system to provide toxicity data regarding site 
specific conditions. 
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Table F.1: Toxicity test survival data for 10/24/11 and 3/6/12 toxicity tests. Results are presented as 
number of C. dubia surviving at experiment conclusion. Initial number of C. dubia in each group was 10. 
Group 10/24/11 
# Surviving 
3/6/12 
# Surviving 
Mod Hard control 9 10 
Inflow SCW 8 5 
0 mg AquaSmart/min 10 9 
8.75 mg AquaSmart/min 10 10 
 
Table F.2: Reproduction data for 10/24/11 toxicity test. Results are presented as number of neonates 
produced by each C. dubia replicate during 7-day experiment. 
Group A B C D E F G H I J 
Mod Hard 
Control 
 
56 16 55 55 66 58 52 54 50 46 
Inflow  
SCW 
 
4 0 38 9 19 0 31 28 18 37 
0 mg  
AquaSmart/min 
 
40 41 33 41 45 44 41 38 41 39 
8.75 mg 
AquaSmart/min 
43 45 44 47 45 34 46 36 48 54 
 
Table F.3: Reproduction data for 3/6/12 toxicity test. Results are presented as number of neonates 
produced by each C. dubia replicate during 7-day experiment. 
Group A B C D E F G H I J 
Mod Hard 
Control 
 
6 8 32 30 42 48 40 48 52 34 
Inflow  
SCW 
 
2 0 0 0 0 4 8 0 0 10 
0 mg  
AquaSmart/min 
 
6 4 6 0 4 12 20 8 6 8 
8.75 mg 
AquaSmart/min 
14 18 28 0 22 16 32 16 26 16 
 
Reference 
Lewis, P. A., Klemm, D. J., Lazorchak, J. M., Norberg-King, T. J., Peltier, W. H., Heber, 
M. A. 1994. Short term methods for estimating the chronic toxicity of effluents 
and receiving waters to freshwater organisms. (3
rd
 Edition) United States 
Environmental Protection Agency, Washington, DC. 
